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RESEARCHMEMORANDUM

REVIEWOFSTATUS,METEODS,ANDP(M7EN’TIALSOF

GAS-TUR31NEAIR-COOLING

By JackB. EsgarandRobertR. Ziemer

Theuseof turbinecoolingto allowincreasedturbine-inlettempera-
turesingas-turbineenginespermitsgreatlyincreasedenginepowerout-
put (thrustor shafthorsepower)and,forsomet~es of engines,permits
improvedspecificfuelconsumption.Inaddition,coolingallowsa great-
er degceeoffreedominturbinedesignbecauseofhigherpermissible
stresslevelsanda greaterrangeofpossibleturbinematerisls.The
attainmentof thesebenefitsfromturbinecoolingisaccompaniedby a
suuildperformancereductionrelativeto theidealuncooledengineper-
formanceas a resultof coolinglosses.Fornonafterburningturbojet
enginesoperatingat a flightMachnumberof2 andconstantturbine-inlet
temperature,approximatelya l-percentreductioninthrustaccompanies
eachpercentof airbledfromthecompressorexitforturbinecooling.
Theeffecton spectiicfuelconsumptionisgenerallynegligible.‘The
prevalentpracticeofbleedingairoverboardforcabincooling,driving
accessories,andsoforth,resultsina thrustreductionmorethandouble-
thatcausedby turbinecoolingandcausessubstantialincreasesinspe-
cificfuelconsumption.Thepowerreductionresultingfromair-cooling
a turbopropengineat subsonicspeedsandconstantturbine-inlettempera-
tureissomewhathigherthanfora turbojetengine,butthenetgainsin
powerresultingfromhigherturbine-inlettemperaturesarestillvery
large.Inaddition,operationat thehigherturbine-inlettemperatures
canresultinanactualdecreaseinspecificfuelconsumption,including
theeffectsof cooling,relativetolow-temperatureuucooledengines.

Atpresent,themostpromisingair-cooledturbinebladesforconven-
tionalturbojetenginesareconvection-cooledcorrugated-insertand
strut-supportedblades.Successfulanalyticalmethodsofpredicting
bladetemperatureshavebeenfoundforbothblades.Generalheat-transfer
analysesindicatethatthesebladeswiU probablybe satisfactoryexcept
foroperationunderthecombinationof veryhighgastemperatures(2500°
F) andhighflightMachnumbers(above2),wheretranspiration-coolingmay
be required.ForSUISU or thinblades,themaxtiumpermissibletempera-
turesandflightMachnuuibersmaybe lower.
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INTRODUCTION
v

Pasthistoryhasshownthat,inordertoobtaindesirablecycle
temperaturesforheatengi~esj it wasoftennecessarytocoolcertain
enginecomponentstocircumventmaterialstrengthlimitations.Thermo-
dynamically,remotiofheatfroma cycleby coolingisdetrimentalto
perfo?nnance;but,practically, coolingpermitsa typeof engineoperation
resultinginperformanceunattainablewithoutcooling.

—
An excellentex-

ampleisthepistonengine,whererefinementsincoolingmethods,involv-
ingtheremovaloflargequantitiesofheat,ledto increasinglysuperior
performance.Itcanbe expectedthata similartypeofevolutionwill “d
occurintheCoolingof gas-turbineenginesandresultina typeofopera-
tionpresentingmanynew~erformancepossibilities.

Therearethreemainpurposesforcoolingtheturbinesof gas-turbine d

engines.Thefirstandmostcommonlyacceptedpurposeisthathigheren-
ginecycletemperatures(resultinginincreasedspecfficpower)canbe E
obtainedifmeans are providedforcontrollingtheturbinediskandblade
temperaturesindependentlyof theturbine-inletgastemperature.The
secondpurposeistopermittheuseofhighero~eratlngstressesor to
givelongerturbinelifeby reducingtheoperattngmetaltemperatureof

—

theturbine.Eigheroperatingstresses&Uow a muchgreateramountof
freedomintheturbinedesignandgenerallyr-esultinincreasedpowerfor

—

a givenenginefrontalarea,becausetheflowcapacityof theturbinecan
be increasedthroughtheuse of longerturbineblades.Thethirdpurpose
of turbinecoolingistopermita greaterdegreeoffreedominthechoice
of turbinematerialsthanis”presentlyavailableto enginedesigners.

— —

Materials currentlyusedforgasturbtnesarechosenforstrengthchar-
.-

acteristicsathighoperatingtemperatures.In general,thesematerials
alsocontainrelativelylargequantitiesof sc6rceor criticalalloying
elements.Loweringtheturbinebladeteurperaturepermitstheuse of
othermaterialsthat,inadditiontohavingthecapacityofwithstanding
higherstresslevels,havereducedamountsof criticalalloyingelements
relativeto theso-called“high-temperaturealloys.’!

Thisreportdiscussestheuse oflesscriticalturbinematerials
andpresentssomeof theperformancepossibilitiesattainablewhentur-
binecoolingisemployedtopermituseofhighercycletemperatures
andhigherturbinestresses.Inaddition,someof theprogressthathas
beenmadeinturbineair-coolingresearchisdescribed,andan indication
isgivenas to theexpectedtrendsinthedevelopmentof cooledgas-
turbineengines.
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TurbojetEngines

Thethrustof a turbojetengineisessentitiyproportionalto the
productoftheweightflowofairthatpassesthroughtheengineandthe
velocityof thejetat theexhaustnozzle.Allmethodsof increasing
thethrustoutput,therefore,dependuponincreasingeitheroneorboth
of thesevariablesinsomemanner.Theweightflowof a~ perunitfron-
tslareacanbe increasedthroughtheuse ofrecentlydevelopedcourpres-
sors.Thejetvelocitycanbe increasedthroughtheuseof (1)higher
compressorpressureratios,higherturbineefficiencies,orlowerburner
pressurelosses,allofwhichresultina higheravailablepressurein
theexhaustnozzleandconsequentlyslllowhigherexpansionratiosfor
obtaininghighervelocities,(2)improvedeXhaust-nozzleefficiencies,
and(3)increasedjet-exhausttemperatures.

Severalof theseeffectson engineperformanceareillustratedin
figure1 (datafromref.1) forbothnonafterburningandafterburning
turbojetenginesoperatingata flightMachnuniberof2 inthestrato-
sphere.Withthenewercompressors,theflowPerunitof e-ine fion-
tslsreaisoftendeterminedby thetwbine. Forthisreason,therela-
tiveenginethrustisgivenperunitof turbinefrontalareainfigure1.
Forthiscase,highcompressorpressureratiosres~t inhi@er gasden-
sitiesat theturbineandconsequentlyincreasedflowcapacity.(The
compressorpressureratiosshownsrefortheactualoperatingconditions
andnotsea-levelstatic.)

Itcanbe seenfromthefigurethat,fornonafterburningengines,
turbine-inlettemperaturehasa verysignificanteffecton thrust.In-
creasesin turbine-iulettemperaturecanincreasethethrustby a fac-
torof 2 ormorerelativetothatofpresentengines.At constantcom-
pressorpressureratio,increasesin turbine-inlettemperaturegenerslly
resultin increasedspecificfuelconswnption.Theseincreasescanbe
explainedby thefactthatthethrustis increaseddirectlyas thejet
velocityis increased}butthekineticen~~ of thegasesiS increased
as thesquareof thejetvelocity.Thefuelconsumptionisproportional
to thekinetic-energyincrease;therefore)thefuelconswtionincreases
ata greaterratethanthettiust~Wth a resfitantincreaseint~ust
specificfuelconsumption.Thiseffectcanbe largelycompensatedfor
by increasingtheenginethermalefficiencythroughtheuseofhigher
compressorpressureratios.

Figure1 alsoshowsthatveryhighthrust levels are obtainable
forafterburningengines.Thisthrustisobtainedata relativelyhigh
costinspecificfuel consumption,particularlyat theturbine-inlet
temperaturesof currentengines.If theturbine-iulettemperatureis
increased,a smallerpressure*OP iSincurredacrosstheturbine>less
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fuelisburnedintheexhaustnozzle(althoughmoreisburnedaheadof
theturbine),andthethrustoutputof theengineisincreasedata sub- _ .P
stantialsavinginspecificfuelconsumption.Theadvantageofincreased
turbine-itilettemperaturesforafterburningenginesisthereforeprima-
rilytodecreasethefuelconsumption.Inaddition,highercompressor
pressureratioscouibinedwithhighturbine-inlettemperaturesgivevery

..

lsrgeincreasesinthrustandimprovedspecificfuelconsumption.

TurbopropEngines :4
%

Thepoweroutputoftheturbopropengine,orothershaft-powertur-
bineengines,isprimarilya functionof energylevelof thegasesahead
oftheturbine;therefore,theturbine-inlettemperaturehasa direct
bearingon thepower.Intheturbopropenginethegasesareexpanded

m

almostcompletelyinordertoextractthemaximumponr, sothatthe
pressurelevelanddensityat thelaststageof theturbinearealways
low.

P
Therefore,turbineflowcapacity(weightflowperunitturbine

frontalarea)isalmostindependentof compressorpressureratio.Be-
causeof thiqfact,powerperunitturbinefrontalsreahaslittlesig-
nificance;of greatestinterestispowerperpoundof compressorair,
definedas specifichorsepower.

Theeffectsof turbine-iulettemperatureandcompressorpressure
ratioonrelativespecifichorsepowerandspecificfuelconsumptionare
showninfigure2. Here,as infigure1 fortheturboJetengine,the
poweroutputcanbe increasedby a factorof2 ormorerelativetopres-
entenginesby increasingtheturbine-inlettemperature.Itwillbenot-
ed,however,thatoppositetothecaseforthenonafterburningturbojet,
increasingturbine-inlettemperaturedecreasesspecificfuelconsumption
fortheturboprop.A rigorousexplanationof thistrendissomewhatiu-
volvedjbutbasicallythereasonforthedecreaseinspecificfuelcon-
sumption~th increasingturbine-inlettemperatureisthatboththegrOSS
turbinepowerandthefuel-flowratearedirectlyproportionalto the
turbine-inlettemperature.Thenetturbinepower,or shaftpower,is
thegrossturbinepowerminusthecompressorpower,andthereforeit
increaseswithturbine-inlettemperatureata rateproportionallygreat-
er than for thegrosspower.As a result,thespecificfuelconsumption,
whichistheratiooffuel-flowrateto shaftpower,decreaseswithin-
creasingturbine-inlettemperature.

DESIGNFREEDOMOBTAINABLEW~TURBINECOOLING

Theflowcapacityofmoderncompressorsisrayidlyincreasingto
thepointwherecomponentsotherthanthecompressor(inletdiffuser,
primaryburner,turbine,afterburner,orexhaustnozzle)wilJ.determine
theenginefrontalsrea.Forsomeapplications,itappearsthatthe

u

I

‘~

. .
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turbinemayhavethelargestdiameterofanycomponentof theengine.
d Theflowareaof theturbinecanbe increasedbytheuseof longertur-

bineblades,butthisoftenresultsinstressesinexcessof thoseper-
missiblewithpresentlyavailablematerialsinuncooledturbines.An
indicationof themannerinwhichturbinediameterisrelatedtoturbine
bladestressfora givencompressorweightflowandpressureratiois
showninfigure3. Increasingthebladerootstressfrom30,000to
60,000poundspersquareinchcanresultina reductionin single-stage

w turbinediameterofapproximately15percent.Thiscorrespondstoa
P frontal-areareductionofover25percent.

Propertiesof somematerialsthatcanbe usedtoobtainhighertur-
binestresslevelsareindicatedinfigure4. Forthetemperaturesat
whichgas-turbinebladesoperate,stress-ruptureisthecriterionthat-J usuallydeterminesellowablebladestress.Thestress-ruptureproperties
of severalmaterialsareshown,andtheupperlevelsof thecurvesare

% cutoffwhere stress-rupturepropertiesnolongerdeterminethepermis-
siblestress.ThealloyS-816iscommonlyusedinpresentgas-turbine
engines.At a temperatureof1500°F (aboutstandardbladetemperature
forpresentengines},themaximumallowablestressis24,000poundsper
squareinch.If,however,thetemperatureisreducedonly100°Fby
cooling,thesllowablestresscanbe increasedby about35percent,with
furtherincreasesobtainableatlowertemperatures.Belowtemperatures
ofabout1200°F, however,othermaterials,

—
suchasA-286,possessbetter

strengthproperties,withthepossibilityof operatingat stressesover
90,000poundspersquareinch- over~ timestheallowablestressfor
presentengipes.

Furth&reductionintemperaturemakespossibletheutilizationof
high-strengthsteelssuchasTimken17-22A(S).Thistypeofmaterial
offersonlyslightincreasesir.ipossibleoperatingstressoverA-286,
butthecritical-materialcontentof17-22A(S)isalmostcompletelyelim-
inated,thealloycontainingabout97percentiron.EvenA-286ispres-
entlyconsidereda relativelynoncriticalalloy,becauseitisover50
yercentironandcontainsno cobaltor columbiwa.Currentlyusedblade
materialssuchas S-816containveryhighquantitiesof criticalmateri-
alssuchas cobdlt,nickel,chromium,andcolumbium,theironcontentof
S-816beingonly2.8percent.

Ingeneral,materislsthatexhibithighstrengthat temperatures
frbm1000°to1300°F containconsiderablysmallerquantitiesof uriti-
calmaterialsthanthecurrentlyusedhigh-temperaturealloys.Thesig-
nificanceof thisfactisthatcooling,inadditiontopermittingthe
useofhigherturbine-inlettemperaturesandstressesin turbineengines,
permitstheproductionofa greaternumberof enginesbecauseof the

8 greateravailabilityof suitableturbinematerisls.Thefactorofma-
terial.availability-wastheprimaryreasonthe
ingin someof theirturbojetenginesinWorld

d

Germansusedturbinecool-
WarII.

—

1,
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bine
Theveryhigh
cooling(fig.

●

stressesapparentlyavailablethroughtheuseof tur- ~
4)donotnecessarilymeanthatit ispossibleto

operatetheturbinebladesat thesestresslevels.As discussedinref-
erences2 and3,a factorof safety,definedas a stress-ratiofactor>
isrequiredinthedesignofair-cooledtwbineblades.Thisfactorof ..
safetydifferslittlefromthatusedinstandarddesignpractice,except
thattheactualstress-rupturepropertiesofthematerialsinam-cooled : .
turbinebladesarenotknownafterbladefabrication.Thestress-rupture-’- ““
propertiesshown-infigure4 areforbarstock.Inair-cooledturbiqe_ _
blades,themet~ is thin and the structuresareusuallybrazed;both
thethinmetalwallandthebrazinghavetheeffectof decreasingthe s

Thiseffectis..believedtovarygreatlytith ‘ ‘“%stress-ruptureproperties.
materialsandbrazingaUoys andtechniquesused. Reference3 showed
that,foronet~e ofbladedesignmadeofalloy17-22A(S),therequired *;
stress-ratiofactorwas2.3. Thisistheratioof thestress-rupturefor
barstockto the-centrifugalstressinthefailureareaof theair-cooled
turbineblade.Itisbelievedthattheuseofotherbladematerialsand ‘“
possiblyofotherfabric.a.tiontechniquesmayresultinmuchlowervalues
of stress-ratiofactor.Evenwithhighvaluesof stress-ratiofactor,
higherturbineoperatingstressesarepermissiblethroughtheuseof
turbinecoolingthanarepresentlypossibletithuncooledtwbinebla.~es._ _

EWFECTOFTURBIKECOOLINGONENGINEPERFORMANCE —

Themostprobablesource of airfortu_rbinecoolingis theengine
compressor.Itisoftenpossibletobleed,thecompressorairfroms~e ..
intermediatestageinordertokeeptheco~ling-airtemperatureandthe
compressorworkon thecoolingairata minimumlbutforturbinerotor
coolingit ismoreoftennecessarytoble~ &om thedischargeof the- - ~
compressorinordertoobtainthehighestpossiblepressureforeffec-
tivebladecooling.Theuseof thisairforcoolingaffectsengineper- ‘- _.
formancein severalways. Theairisremovedfrompartof theengine
cyclesothati.tis unavaihblefordoingworkintheturbine,butthe
workdoneonthecoolingairmakestherequiredspecificturbinework
higherthanwithoutbleed.Whentheairisusedforturbinerotorcool-
ing,additionalworkisdone,onthecoolingairtoaccelerateitto the ‘:~=-
wheelspeedat thebladetipas itpassesthroughtherotor.Fora g~ven-”
valueofturbine-inlettemperature,ther<.ore,thepressuresndtemper-
atureratiosacrosstheturbinewillbe sumewhathigherwhenairis
bledfromthecompressor.

Reductionoftheexhaust-gastemperaturedueto dil~tionby the
coolingairresultsina thrustreductioncomparedwiththecasewithno
coolingair,but.themass-flowadditionintheexhaustjet-duetothe”
COOling airresultsin higherthruststhani?theah werenotfixed-!nto.-t’.—
theexhaustgases. ..

v

1!
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Turboje’t-EngimePerformance
4

fiesentknowledgeof thequantitiesof coolingairrequiredfor
operationathigherturbine-itiettemperaturesmaybe usedtopredict
theengineperformanceattainablewithair-cooledturbines.Turbojet-
engineperformancewithno considerationgiventotheeffectsof
bleedingyartof thecompressorairforturbinecoolingwasdiscussed
inconnectionwithfigure1. Thecouibinedeffectof increasingthe
turbine-inlettemperatureandbleedingairfromthedischargeof the
compressortocooltheturbineisshowninfigure5. Theseanalyt~csl
resultsarebasedon thecoolantflowsthatwerecalculatedtobe re-
quiredforsingle-stageturbineswithcorrugated-insertblades.The
totalcoolantflowsforbothturbinestatorandrotorwereapproximately

*- 3 percentat 2~0 F, and8 percentat 2500°F. Theseareprobablya-
bouttheminimumflowsthatcouldbe expectedwithcorrugated-insert
blades,but,shouldbe easilywithinthecapabilitiesof otherbladesto

- be discussedlater.Qoolinggenerallyresultsina smalldecreasein
thrustwithpracticallyno sacrificeinfuelconsumptionrelativetothe
calculatedperformancewithoutcoolingfornonafterburningengines.In
afterburningengines,theeffectof coolingisto increasefuelconsump-
tionwithonlysmalleffectson thrust.Theseeffectscanbe explained
by thefactthatcoolinggenerallyshiftstheperformancemapin thedi-‘
rectionoflowerturbine-inlettemperaturesby dilutingtheexhaustgases
andloweringthetemperaturedownstreamof theturbine.

Turboprop-EnginePerformance

Air-coolhg.- Thepredictedperformanceof anair-cooledturboprop
engineat sea-levelstaticconditionsisshowninfigure6. Thecooling-
airrequirementswereassumedtobe thesameas fortheturbojetengine.
Thedecreaseinperformancerelativeto thecalculatedperformancewith-
outcooling(fig.2) isgreaterfortheturbopr~thanfortheturbojet
engine,becausein theturbopropthecoolingairpassi~througha cooled
turbinestageis completelylostforenginepowergenerationinthat
stageof theturbine.Xntheturbojetengine,on theotherhand,the
coolingairisstillavailableforobtainingpowerin theformof jet
thrust. At turbine-irilettemperaturesupto2000°F withtheturboprop
engine,however,thespecificfuel consumptiondecreaseswithincreasing
valuesof turbine-iulettemperatureevenwhentheeffectsof coolingare
included.

Liquid-cooling.- Alsoshowninfigure6 isa performancepointfor
a liquid-cooledturbineunderthemostsevereconditionsgiven.In this
casetheonlyeffectof coolingon thecycleistheremovalofa small

. portionofheatfromthegases.Theeffectonperformanceisextremely
small;therefore,liquid-coolingof turbopropenginesisverypromising
ifradiatordraglosses=e tolerable.Whethertheradiatorswillcause;

.-

.
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anacutaldragisopento questionandwillbe determinedby theradf-
atordesign.Theairplanedesignwill,ofcourse,be materiallyaffected
by requirementsforductingairaboardfortheradiator.Forstationary
powerplants,theradiatorusuallydoesnotpresenta problem;consequent-
ly,liquid-coolingisextremelypromisingforthisuse. Eventhoughthe
performanceofair-cooledturbopropenginesisinferiortotheperform-
anceofliquid-cooledengines,theuseofair-coolingisverypromising
foraircraft,becausesubstantialincreasesinpowerareattaimibleat
no increaseinspecificfuelconsumptionrelativetouncooledenginesat
currentgas-temperaturelevels,andnoradiatorsarerequired.

PerformanceVariationswithCompressor-DischargeAirBleed

Previousfigureshaveshowntheperformancepotentialitiesattain- ‘E
ablethroughtheuseof turbinecoolingtopermitengineoperationat
higherturbine-inlettemperatures.Itisalsoimportatto stbdythe P
engineperformancevariationsresultingfromturbinecoolingata con-
stantturbine-inlettemperatureforvariousquantitiesof coolingair
to determinetheeffortthatmustbe expendedinfindingmethodsthat
wfllrequire smaller quantitiesofcoolantandthatwillreducelosses.

Theeffectofbleedingvariousamountsofah fromthecaqpressor
for coolingorotherpurposesisshowninfigures7 and8 fornonafter-
burningturbojetandturboprope~ines,respectively.ThequantityOf
airrequiredforcoolingdependsupon thetypeofair-cooledbladesused
intheengine;therefore,at givenengineconditionsa widevariationin
cooling-airrequirementsispossible.Inmostaircraftgas-turbineen-
gines,afiisbledfromthecompressorforsuchusesasaccessorydrives
orcabincooling,inwhichcasestheairisthrownoverbosrdandcannot
be usedforJetthrustorturbinepower.As a basisofcomparison,the
effectsonperformance of thisprevalentpracticeofoverboardbleedare
showninadditionto theeffectsofbleedingairforturbine-cooling
purposes.

Thevariationsofrelativespecificthrustandspecificfuelcon-
sumptiontithvariouspercentagesof coolingairbledfromthecompres-
sordischargefora turbojetengineoperatingata flightMachnuuiberof
2 inthestratosphereareshowninfigure7. Thesamegeneral.trends
areobtainedat conditionsotherthanthosegivenforthisfigure$ex-
ceptthat,atlowerturbine-inlettemperatures,lossesduetocooling
aresomewhathigher.Thethrustdecreasesapproximately1 percentfor
everypercentofairbledfromthecompressorforturbine-coolingpur-
poses.Thislossismorethandoublediftheairisbledoverboardand
cannotbe usedfor.jetthrust.Airbledforturbinecoolinghasonlya
veryslighteffecton specificfuelconsumption,butoverboardbleed
increasesthespecificfuelconsumptionover2 percentforevery per-
centofbleedair.

—
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The’effectofbleedingvariousamountsof coolingairontheyer-
4 formanceof a turbopropora stationarypowerplantoperatingat sea-

levelstaticconditions(nojetthrusthorsepower)is showninfigure8.
As explainedinconnectionwithfigure6, thedecreaseinperformance
duetoair-coolingata constantturbine-inlettemperatureislargerfor
a turbopropthanfora turbojetengine.‘Thisisparticularlytruecon-
cerningspecificfuelconsumption,forwhichtheincreasewithcooling-
airflowismorethan5 timesashighas fora turbojetengine.Thede-

8 creaseinyowerduetobleedingairforturbinecoolingisonlyslightly
F higherthanthedecreaseinthrustfora turbojet.As statedpreviousQ,

however,operationat thehigherturbine-inlettemperaturespermittedby
turbinecoolingcanresultinanactualdecreaseinspecificfuelcon-
sumption,includingtheeffectsofcooling>relativetolow-t~erature
uncooledengines.Forturbopropengines,bleedingairforturbinecool-d ingisonlyslightlylesscostlythanforcabincooling,accessorydrives,
electronicequipmentcooling,andsoforth.

4
As previouslydiscussed,theeffectofliquid-coolingon turboprop

or stationarypower-plantperformanceisextremelysmall.Thechange
inpoweror specificfuelconsumptioncausedby liquid-coolingat they conditionsoffigure6 islessthan0.5percent.

3
Foraircraftapplica-

tion,ofcourse,theeffectofradiatordragon over-allperformance
wouldslsohavetobe included.

As explainedinreference4, thereisan optimumjetvelocityfor
turbopropenginesat eachflightspeedthatresultsin minimumfuelcon-
sumptionandmsxiumuthrust.TheperformancevariationsduetobIeeding
airfromthecompressorforcoolingpurposesaresomewhatsmallerfor
turboprmengineswithoptimumjetthrustthanforthecasewithno Jet
thrust,buttheimprovementisoflittlesignificance.

@ to thepresenttimeithasbeenimpossibletoverifye~erimen-
tallyalltheeffectsof coolingon engineperformance.Probablythe
lsrgestunhewninthepredictionof engineperformanceistheeffect
onturbineaerodynamicperformanceofdischargingcoolingairfrom .
thebladetips.Testsat theNACA,whilenotconclusive,donotshowa
measurableeffectof thecooling-airdischargeon turbineefficiency.
Testsconductedby theBritish(ref.5) showthata coolantflowof 2 per-
qentof thecompressorflowtoeachtheturbinerotor andtheturbinesta-
toraffectedtheturbinestageefficiencylessthan0.5percent.Inthe
Britishinvestigation,thestatorcooling air was dischargedat thesta-
torinnerdiameteraheadof theturbinerotor.H, instead,thisairhad
beenductedtomixwiththeeXbaustgasesdownstreamof theturbine,an
evensmallereffecton turbineefficiencycouldbe e~ected.

s Theeffectof dischargingtherotorcoolingairthroughseveral
bladetipconfigurations
thatwiththeproyertip

U

wasinvestigatedinreference6,whichindicated
designa substantial

.:.:**!Y““”*
.

portionof thepumpingwork



10 &A~ NACARM E54123
*

onthecoolingairintheturbinerotorcanbe recoveredintheformof
addedturbinework. Generally,theeffectof thisturbineworkon the G
over-allperformanceisofrathersmaSLsignificance,as illustratedin
figures7 and8. Thedifferencebetween
curvesisduetothepu~ingworkinthe
talstudiesjustmentionedindicatethat
cooled-engineperformancearereasonably
shouldbe correct.

thestatorandrotorcooling
turbinerotor.Thee~erimen-
themethodsusedforpredicting
accurateandthetrendsshown

RESEARCHONAIR-COOLEDTURBINEBLADES

Bothair-andliquid-coolingmethodshavetheirrelativeadvantages
~d disadvantages.MostNACAresearchonliquid-coolinghasbeenof-a
fundamentalnatureto determinethelawsgoverningheattransferwithin
thecoolingpassages.Thisresearchissummarizedinreference7,and
morerecentresearchonnatural-convection-coolingispresentedinref-
erence8. Liquid-coolingresearchonactualturbinebladeconfigurations
andsystemshasbeenverylimlted.Sinceair-coolingappearstobe a
quitepromisingmethodforturbo~etenginesandmoreresearchinformation

_ -iii

w’

—

P

—

isavailablethanforliquid-cooling,
islimitedtothattype.

Air-Cooling

Whenair-coolingisincorporated
designmustbe consideredsothatthe

thediscussionofmethodsof cooling
_—

Methods

inanengine,theentireengine
airwillbe utilizedmosteffec-

tively.A possibleengineconfigurationisshowninfigure9. Airis
ductedfromthedischargeoroneoftherearstagesof thecompressor” ‘= -
tocooltheturbinerotorandstatorandisthendischargedintothegas
streamdownstreamoftheturbinetoprovideaddi’ttondthrust.A hoXlow
turbineshaftprovidesa veryconvenientmethodof ductingcoolingair
totherotorandcanofteneliminatemanyair-sealingproblems.

Threemethodsofair-coolingareshowninfigure10. Themostcon-
ventionalmethodusedinallheat-transferprocessesisconvectioncool-

—

ing(fig.10(a)).Withthismethod,itisdesirabletoincreaseheat-
transfersurfaceareaontheheat-re~ectionsideoftheapparatussuchas
intheformofthefinsshown.Thismethodofcoolinghasbeensuccess- “—
fullyusedonair-cooledpistonenginesformanyyears.Themethodof
coolingshowninfigure10(b)islesswellknown.A filmof coolah is
introducedthroughslotstoforman insulatinglayerbetweenthehotgases
andthecooledsurface.Thethermalconductivityofairisverylow,so
thatit isa goodinsulationmedium,buttheeffectivenessofthelayerof
airislostsomedistancedownstreamoftheslot_whenitmixeswiththe r
hotgases.Thisdisadvantageiseliminatedby transpirationcooling(fig.
1O(C)),becauseairiscontinuouslybledthroughtheentireareaofa P
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poroussurface.Transpirationcoolingis themosteffectivemethodof
●

air-coolingknownat theyresenttime.A comparisonof thecoolingef-
fectivenessof thesethreemethodsof coolingisgivenin-reference9.

Air-cooledturbinebladesofabout2-inchchordutilizingthese
vsriousmethodsof coolingareillustrated.infigureIl. Thehollow
bladewasusedbytheGermansin someof theirenginesin1945. A sur-
veyof theirworkon coolingturbojetenginesandturbosuperchargersis

‘M giveninreferences10 to12. Thecoolingeffectivenessof thehollow

E
bladeis solowthatexcessivequantitiesof coolingairarerequired;
consequently,effortsweremadetoprovideaddedinternal.heat-transfer
surfacearea. Thetube-filledbladewasan earlyattemptof theNACAto
providethisextrasurfacearea. Someresultsof testson andmethodsof
manufacturingthistypeofbladearegiveninreferences2, 3,and13 to

* 17● Altho~ morerecentbladedevelopmentshaveledto superiorblade
configurationsso thatthetube-filledbladeconfigurationispresently
oflittleinterestmuchvalwibleinformationhasbeenobtainedfromthis<

a configuration:(a~Thefeasibilityofbuildingbladesof nonstrategic
oa materialswasdemonstrated(refs.2, 3,15,and16)3(b)suitablecoat-
3 ingsfor
y ofblade
$ suitable

relation
lifefor

The

nonstrategicmaterialswerei&estigated(ref.-17);(c)methods
fabricationincludingforming,brazing,heat-treatment,and
typesof structurewerestudied(refs.2 and15);and(d]a
wasobtainedbetweenbar-stockstress-rupturelifeandblade
nonstrategicbladesmadeof17-22A(S)steel(ref.3).

British(ref.18)haveuseda somewhatdifferentmethodof ap-
proachto theproblemof addinginternalsurfacearea. Insteadofyack-
inga hollowshellwithtubesandbrazingtheassemblytogether,they
drilledholesina solidbladetoprovidecoolantpassageswitha greater
internal.surfacemea thanispossibleina hollowblade.

Coolingof theleadingandtrailingedgesisoftendifficultwith
tube-filledblades.Ihanattemptto improvecoolingeffectivenessin
theseregions,filmcoolingwasinvestigatedon thetypeofbladeshown
infiguren(c), withtheresultsreportedinreferences19%0 21. Cool-
ingof theleadingandtrailingedgeswaseffective>butbladedurability
wasa seriousproblem(ref.16). ResesrchwasconductedinGermanyon
bladeshavingfilmcoolingaroundthecompleteperiphery(ref.22),and
similarbladeshavebeenbuiltinthiscountry.Althoughcoolingis
adequateforsomecases,durabilityisusuallypoor. Anothersolution
to theproblemofleading-andtrailing-edgecoolingisto increasethe
thermalconductivityof thebladeshell.”, consequently,shellsthatwere
copper-cladon theinsidesurface(fig.n(d)) wereinvestigatedinrefer-
ence20. Thistypeof structureis similsrto thatof copper-cladkitch-
en utensilsinwhichthecopperspreadstheheatovertheentireareaof
theutensil.Thebiggestdisadvantageof thecopper-cladbladeisthe
weightincrease,whichraisesthestresssomuchthatthegainsfroIu
coolingme practicallyeliminated.
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A practical-typeof shell-supportedconvection-cooledbladecon-
structionisthecorrugated-insertblade(fig.n(e)). Largeamounts
ofheat-transfersurfaceareacanbe addedintheformof corrugated
fins,andthefinscanbemadeto extendwellintotheleadingandtrail-
ingedgesofthebladeto ensureadequatecoolingintheseregions.An
islandisusuallyprovidedinthemiddleofthepassagesothatthec-or-
rugationscanbe ofuniformamplitude.Thisislandisblockedofffrom
thecoolingair. Theislandcanbe eliminatedin smallblades,butthe
corrugationswillnotbe ofuniformamplit@e.Temperaturedataob-
tainedfroma corrugatedbladeerediscussedinthenextsection.

Inalltheturbinebladesdiscusseduptothispoint,theblade
shellhasbeentheprimarysupportmemberforcarryingthestresses.due
to centrifugalforces.Sincetheshe12ise~osedtothegasstream,
it isalsothehottestmemberoftheblade;and,therefore}itsstress-
carryingcapacityislowerthanthatofcoolerportionsof theblade.
Forthisreason,bladeshavebeendesigned.andtestedwiththemain
stress-carryingmember,or strut}submergedinsidethecoolantPassage
andoperatingata lowertemperaturethanthebladeshell(figs.I-1(f)
and12). Theshellcanbemadethinandcanbecompletelysupportedby
thestrut.Inthismannerthestressesintheshellaregreatlyreduced,
anditcanoperateathighertemperatures.Withhighershelltempera-
tures,theheattransferfromthegasto thebladeisreducedand.the
quantityofcoolingairrequiredisreduced.Thistypeofbladeshows
greatpromiseforfuture applicationinaiy-cooledturbineengines.

Thestrut-supportedbladeshowninfigure12 andinvestigatedin
reference23 isan exampleofonlyoneof severalpossiblemethodsof
construction.Thebladeshowncanbe fabricatedbymachiningthecOm-
ponentpartsof thestrutandbaseandthenbrazingthefinal.assembly
together.Theshellcanbe attachedbybrazingor spot-welding.Re-
searchiscurrentlybeingconductedona strut-bladeconfigurationhav-
ingthestrutcastinan integralpiece.me finalconfigurationis
approximatelythesameas theoneshownintheasseuibledviewinfig--
ure12.

Thebladeinfiguren(g) isa transpiration-cooledblade.The
porousshellcouldbemadefromseveral.wteri~s~ themostProbable
beingwovenwireclothorporoussinteredmaterial.smadefrompowdered
metal.Onlya limitedamountofexperimentaldataispresentlyavail-
ablefortranspiration-cooledturbineblades.Someresultsaregiven
inreferences24to27. Advantagesandproblemsintheuseoftranspira-

.

b

—

---

.—_

-.

tioncoolingarediscussedinreference28. Reference29 statesthat,
iftranspiration-cooledbladesaretooperatesatisfactorilyoverwide
rangesofflightaltitudeandflightMachnumber,thecoolingairmust
bemeteredtolocalpositionsonthebladesurface.Thiscanbe accom-

=
?

plishedbyincorporatingorificesintheturbinebladebaseas shown —
infigure13. Inadditiontoprovidingmoreuniformcoolingoverthe

—
—
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widerangeof operatingconditions,thismethodoffabricationgreatly
- simplifiesbladefabrication,becausemeteringtheairat theorifices

insteadof throughtheporoussurfacepermitsfabricationofbladeswith
uniformpermeabilityaroundthebladeperiphery.Thestrutshowninffg-
ure13 hasthedualpurposeof dividingthebladeintoc~artmentsso
thatan orificecanmeterairtolocalpositionson thebladesurface
andprovidinga supportmemberfofitheporousshell.Poroussintered
shellsusua32yrequire an internalsupportbecauseoflowshellstrength,
andwovenwireshellsneedthesupporttoproviderigidity.

E

ExperimentalTemperatureData

Experimental.lymeasuredturbinebladetemperaturesarepresented-u- infigure14 forthecorrugated-insertblade.Thecoolant-flowratio
usedas theabscissaisdefinedas theratioof theairusedforturbine-
coolingpurposestothetotalflowofairthroughthecompressor.For.
theuncooledconditionthebladetemperatureisover200°F lowerthan
theturbine-inlettemperature,becausethegastotaltemperaturerelative
to theturbinerotorblsdesislessthanthegastotaltemperaturerela-
tivetothestatorblades,as a resultofhighrotativespeedsofthe
turbineandhighgasvelocitiesatthestatorexit. Theuseofonly2
percentofthecompressorairforturbinerotorcoolingwillreducethe
bladetemperatureover400°F belowthatof an uncooledblade,orapproxim-
ately 6500F belowtheturbine-iulettemperature.Theseresultsshow
thesubstantialbladetemperaturereductionspossiblewithverynominal
amountsof coolingair. Inaddition,theyshowthesuccessobtainedin
developingmethodsofpredictingtheaveragebladetemperatureofthis
typeofbladeandlendencouragementto usingthesemethodsforpre-
dictingcoolingrequirementsforotherconditions.Thevariationbe-
tweenmeasuredandpredictedtemperaturesislessthan35°F. Thepre-
dictionsarebasedessentiallyon themethodsdiscussedinreferences
30and31.

A morecompletesumuaryofmethodsofanal.yticaldypredictingair-
cooledbladetemperaturesispresentedinreference7. Inaddition,a
methodispresentedinreference32 thatprovidesa quickroughevalua-
tionofthecoolingeffectivenessandpressure-dropcharacteristicsof
convection-cooledturbineblades.Methodsarepresentedinreference
33forrapidlyevaluatingtheheat-transferandpressure-dropcharacter-
isticsof corrugated-insertair-cooledblades.

A comparisonofthecoolingeffectivenessofa corrugated-insert
bladewiththatofa strut-supportedbladeis giveninfigure15. The
temperaturecomparisonisbasedon thetemperaturesof thestress-carrying

● members,whichme theshellof thecorrugatedbladeandthestrutof the
strut-supportedblade.Thedataforthestrutbladewereobtainedfrom ~
reference23. Figure15 showsthatthecoolantflowrequiredforthe

m
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abouthalfthatrequiredforthecorrugated
a specifiedbladetemperature.At thevery b

lowflowrates,thisdifferencew%llhaveverylittleeffecton the
over-allengine~erformance;buttheresultsof figures7 and8 show
that,as thecoolingloadbecomesmoresevere,thesavingsincooling
airwiththestrut-supportedbladecouldresultinappreciablegainsin
engineperformance.Experimentalandcalculatedtemperaturesforthe
strut-supportedbladesarealsocomparedinfigure15. Againtheagree-
mentisverygood.Thecalculatedtemperatureswereobtainedbythe
methodsdescribedinreference34.

Cautionmustbe observedingeneralizingtheresultsobtainedfrom
researchon thebladesshowninfigures11.to3.5.Allthesebladeshad
a chordofa~roximately2 inchesormoreandwouldbe suitableformany
turbojetengines.Forsomehigh-compressor-pressure-ratioturbojeten-
ginesandformostturboprcrpengines,however,thebladesaremuchsuKU--
er. Researchispresentlybeingconductedon thesesmallerblades,and
alsoonbladesthathavesuchthincrosssectionsthatuseof internal
heat-transfersurfaceareaisdifficult.Prelimin~ystudiesindicate
thatscalingdownsomeof thecoolingschemessuchas thestrutblade
appearstobe feasible,butin additionnewtypesofdesignwillbe re- ‘“
quiredformanyapplications.Theresearchhasnotadvancedfarenough
towarrantdiscussion.

Air-cooledbladedurabilityisequallyas importantas theblade
temperaturereductionthatispossibleby cooling.Someof theendur-
anceinvestigations,conductedmostlyonnonstrategictube-filledblades
hatinga criticalbladesectionstressofabout23,500poundspersquare
inch,arereportedinreferences2,3,16,and17. Air-cooledturbine
bladelifeof 350hoursatfull-powerengineconditionshasbeenobtained
withno indicationoffailure(ref.3). Althoughfurtherendurancepro-
gramsarerequiredor.othertypesofblades,otherbladematerials,and
bladesoperatingathigherstresslevelstoobtainconclusiveresults,
it isindicatedthat,withproperdesign,air-cooledturbinebladelife
shouldbe satisfactory.Turbinebladestresslevelsin excessof 40,000
poundspersquareinch
bladestressesashigh

me beinginvestigated,andit isindicatedtht
as50,W poundspersquareinchmaybe feasible.

BladePressure lksses

Inadditionto theheat-transfercharacteristicsof turbineblades,
thepressure-losscharacteristicsareimportant,becausetheydetemine
toa largeextenttheflowcapacityof thebladesandthepointatwhich
coolingairshouldbebledfromthecompressor.Thereisa generalre-
lationbetweenheattransferandtiiction,sothatbladeswithhigh
coolingeffectivenessalsohaverelativelyhighpressurelosses.A
quickmethodofcalculatingthepressurechqngesthroughair-cooled
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turbinebladesispresentedinreference35. Frictionfactorsfortwo

15

. air-cooledturbine–bladeconfigurationsweremeasuredandreportedin
reference36,inwhichair-cooledbladepressurelosseswerecalculated
within*6 percent.

Thegenerslpracticeinthedesignof air-cooledturbinebladeshas
beento designfora maximumcooling-airMachnumberof 0.5at theblade
tip. At a giveninletsupplypressure,theflowat a Machnumberof0.5
isabout75percentof thechokedflow. It isfeltthatdesigningfor

‘i! higherMachnumbersleaveslittlemarginof safetyforextremeconditions
L thatmaybe encounteredinengineoperation.A methodofbladedesign

thattakesinto
inreference33

.-.

.
Theuseof

accountbothpressurelossandheattransferispresented
forcorrugated-insertbhdes.

AIR-COOLEDTUR131JTEDISKCONFIGURATIONS

air-cooledturbinebladeswillrequirea typeof turbine—
rotorconstructiondtfferentfromthatincurrentuse. Thereis,however,
a considerableamountoffreedominthetypeof designpossible.Two
maintypesof turbinerotorarethesplitdisk(fig.16)andtheshrouded
disk(fig.17]. Witheitherconstructionthecoolingaircanbe supplied
l%omtheupstreamdirection,thedownstreamdirection,or througha hollow
turbineshaft.Withanyof thesepossibletypesof construction,internal.
vanesarerequiredintheturbinerotorto directandhelppumpthecool-
ingairouttotheblades.Vaneconfigurationsfortwoexperimental
split-diskair-cooledturbinesareshowninfigure18. Inonecasethe
vaneswerecurvedtoprovidean inducersectionforthecoolingair,while
intheothercasestraightvaneswereused. Experimentaltestsreported
inreference37 donotindicatethesuperiorityof eithertypeof vane
construction,andineachcasethepressurerisein theturbinedisksis
small.In general,thepressuresuppliedat therotorhubwiXlhaveto
be ashighas thestaticgaspressureat theturbinebladetips,or
higher.

Up to thepresenttime,experimentaltestshavebeenconductedon
severalturbineswiththetypeof diskconfigurationshowninfigure
16(b),andsomeof theresultspresentedinreferences38 to 40 indicate
thatdiskcoolingwCKlbe adequatewiththeamountof airrequiredfor
bladecooling.Experimentalresultshavenotbeenobtained,howevqr,
at turbine-inlettemperaturesinexcessof1900°F. In theexperimental
turbinesthedownstreaminletwasrequiredinordertominimizethesJ--
terationstoa counnercialenginewhenincorporatingturbinecooling.A
discussionof someof therelativemeritsofothertypes’of diskcon-
structionisgiveninreferenceQ.

.
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PROBABLEFUTUREUSEOFVARIOUSTURBIN&COOL12?GMETHODS

Mostex_@erimentalresearchonturbinecoolinghasbeenconcerned
withinvestigatingvariouspossibletypesofbladeconfigurationsto
determinecoolingeffectiveness,fabricationproblems,andeqected
durability.Investigationshavebeenconductedincommercialengines
modifiedtoaccommodateair-cooledturbines,andtheturbineswere
usuallymadeofnonstrategicmaterials.A combinationof thisexperi-
mentalresearchandanalysishasmadepossibletheverificationof
analyticalprocedures,andcyclecalculationshavebeenmadetodeter-
minetheareasofoperationinwhichfutureuseof turbinecoolingwill.
bemostprofitable.Theuseofcoolingisparticularlypromisingfor
turbojetenginespoweringaircraftat supersonicsyeedsandforturbo-
propenginesor othershaft-powerturbineenginesusedin subsonicand
transonicflightandstationaryormarinepowerylants.

Therelativemeritsofthreemethodsofbladecooling(convectionL
film,andtranspiration)forfutureuseincooledturboJetengfnes&re
indicatedinfigure19. Therelativecoolantflowsrequiredforthese
varioustypesof coolingareshownforturbine-inlettemperaturesof
2000°and3000°F andforflightMachnumbersofzeroand2.5. There-
sultscanbe usedtoindicatetrendsonly,becausetheyarenotthere-
sultofa designstudy.No considerationisgiventocooling-airpres-
suresthatmaybe requiredortowhetheractualbladeswillbe feasible
forthevariousconditionsbasedon size,durability,andsoforth.The
calculationsarebasedonan assumedbladetemperatureof1250°F,
compressor-dischargeairbleedwithnorefrigerationof thecoolingair,
andresultspresentedinreference9. Itwasassumedthatthecompres-
sorhada pressureratioof10ata Machnumberofzeroanda pressure
ratioof 6 ata hkchnumberof2.5. Itshouldbe remeuiberedthatno
experimentalinformationisavailableconcerningcoolingat a gastempera-
ture as highas 3000°F; consequently,resultsat3000°F arebasedon
theextrapolationofcorrelationmethodsobtainedat lower temperature
levels.Theresultsshownat thistemperature,therefore,mustbe con-
sideredapproximate.

At lowflightspeedsfigure19 showsthatthequantityof coolant
requiredforturbine-inlettemperaturesupto2000°3’(almost400°F
abovecurrentpractice)isrelativelysmallforeitherconvectionor
transpirationcooling.Filmcoolingappearstobe impracticalmainly
becauseof theproblemofbladedurability;but,in addition,theflow
requirementsarehigherthanforothermethods.Theconvection-coo13.ng
barisrepresentativeofthebettershell-supportedblades(seefig.
XL(e)).Strut-supported-bladecooling-airrequirementswouldbe inter-
mediatebetweenthoseshownforconvectionandtranspirationcooling.–

As turbine-inlettemperatureis increasedto3000°F atlowflight
speeds,thecoolingrequirementsbecomemoresevere>andfilmcooling
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appearstobe completelyoutof thequestion.Convectioncoolingis
. possible,butrelativetotranspirationcoolingtherequirements=e

high.
.—

As flightspeedsareincreased,theram-airtemperatureincreases
considerably,so thatthetemperatureof thecompressor-dischsxgeair
usedforturbinecoolingrisesrapidly.Thehighcooling-airtempera-
turemakesturbinecoolingmoreofa problemathighflightspeeds.As
showninfigure19,ata flightl&chnumberof 2.5thebladecooling
problemsarejustas severefora turbine-inlettemperatureof 2000°F
as theyareatlowflightspeedsfora turbine-inlettemperatureof
3000°F. Increasingtheturbine-inlette~eratureto3000°F at a flight
Machnumberof 2.5andusingcompressor-dischargeaircreatea cooling
problemso severethattranspirationcoolingis theonlyair-cooling
methodpresentlyknownthatcouldoperateefficiently.It ispossible,
however,toprovidea certainamountofrefrigerationto theturbine-
coolingair. Severalsystemsincludingrefrigerationforutilizingcom-.
presserairforturbinecoolingathighflightMachnumbersarepresented
inreference42. Withrefrigerationsystems,convectioncoolingathi~

y flightspeedsandhightemperaturesisalsofeasible.At flightMach
~ numbersup to somewhatover2.0,cooling-airrefrigerationisprobably

unnecessary.

Itcanbe concludedfromthisstudyandotherstudiesthat,forgas
temperaturesuptoabout25000F andflightMachnumbersup toatleast
2.0,convection-cooledbladesof thecorrugated-insertandstrut-supported
typesmaybe adequate.At highertemperaturesandhi@er flightspeeds,
transpirationcoolingmaybe required.Thecoolingof smallor thin
bladesappearsmoredifficult,andmaximumtemperatureandflightspeeds
maybe lowerthanforthecoolingmethodsdiscussed.

Thereisalsothequestionconcerningtherelativemeritsofair-
andliquid-cooling.Becauseof itsheat-transferproperties,wateris
oneof thebestliquidcoolantsandwillprobablyfinduseinalmostany‘
typeofliquid-coolingsystem.Inmostcasestheheatpickedupby the
waterw5ddbe rejectedtoramair. At Machnuubersinexcessof 2.0in
thestratosphere,theram-airtemperatureishigherthantheboiling
pointofwateratreasonablepressuresin theradiator.Withwater-
cooledsystems,therefore,theflightMachnmuberwill.be limitedto
approximately2, or elsesystemswillhavetobe designedthatarecapa-
bleofoperatingat extremelyhighwaterpressures- ~referablyabove
thecriticalpressureofwater(3206psi). Suchhighpressureswould
suggesttheuseofa rotatingheatexchangerto eliminatethenecessity
of transferringthehigh-pressurewaterthroughsealsfromrotatingto
stationarypartsof theengine.

a
Anotherproblemassociatedwithwater-coolingsystemsinmilitary

aircraftis thevulnerabilitytoenemyattack.Thus,reliabilityis
i

.—
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somewhatmorequestionablethanforair-cooledsystems.
descriptionof severalmethodsforandproblemsinvolved
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A morecomplete
in dissipating b

theheatina liq,uid-cooledturbineisgiveninreference43. Cooling-
lossesarealwaysless(neglectingeffectsofradiatordrag)withwater-
coolingthanwithair-cooling,butforturbojetenginesthedifferencein
performanceprobablyisnotof verygreatimportance.Therefore,itis
expectedthatair-coolingwillfindmoreuseinturbo~etapplications.
Forverymall turbojet-engineturbinebladesitispossible,however,

—

thatbettercoolingcouldbe obtainedwithliquidsthanwithair.
5“

Forturbopropapplications,air-coolinglossesarelarger than for -~
turbojets,butsubstantialperformanceimprovementsarepossiblewith
eitherair-orliquid-coolingtoyermithigherturbine-inlettemperatures.
Inaddition,theflightMachnumbersforturbopropaircraftwillyrobably
alwaysbe subsonicortransonic,sothatheatrejectionwithliquid- 9–

coolingsystemswillnotbe a seriousproblem.Foraircraftapplication,
thebetterperformanceofliquid-cooledsystemswiIlhavetobe weighed
againstlowervulnerabilityoftheair-cooledsystems.

+
Eithertypeof

coolingsystemcanprobablybe utilizedsatisfactorily.Forstationary
ormarinepwer plants,however,thereappearto.be noparticularadvan-

.-

tagesofair-coolingoverliquid-coolingasa methodtopermithigh- -.
temperatureoperation;consequently,liquid-coolingwillprobablybe
moresatisfactory,becauseitwillresultinlowerfuel-consumptionrates.
Foreitherair-orliquid-cooling,thepotentialgainsinengineperform-

—

antethroughtheuseofhigherturbine-inlet
andjet-powerturbineenginesarewellworth
turbinecoolingintotheenginedesign.

CONCLUDINGREMARKS

Thisreviewof thestatus,methods,and
coolingcanbe sutmnarizedasfollows:

AnalyticalStudies

temperaturesforbothshaft-
theeffortrequiredtobutld

potentialsof gas-turbine--
—

1.Thepoweroutputof nonafterburningturbojetenginesandof tur-
bopropenginescanbe increasedbya factor..of2 ormoreby usingturbine
coolingtopermitincreasesintheturbine-inlettemperature.

2.Forafterburningturbojetengines,theeffectof turbinecooling
topermitincreasedturbine-inlettemperaturesisprimarilytodecrease
fuelconsumption.Inaddition,forhighercompressorpressure.ratios
combinedwithhighturbine-inlettemperature,largeincreasesinthrust
areobtainableatslightlyimprovedspecificfuelconsumption. x
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Appreciableincreasesinturbinestresslevelareindicated
useof turbinecoolingtoreduceturbinemetaltemperature.In-
turbinestresslevelsallowreductionofturbinefrontalsrea.

Thereducedmetaltemperaturesalsowidenthechoiceofpossibleturbine
materials,manyofwhichcontainonlysmallamountsof criticalalloying
elements.

4.Fornonafterburningturbo~etenginesoperatingata flightMach

R numberof 2 inthestratosphereandconstantturbine-inlettemperature

F
of 2000°F, approximatelya l-percentlossinthrustaccompanieseach
percentofah bledfromthecompressorexitfortmbinecooling.The
effectof turbinecoolingon specificfuelconsumptionisnegligibleat
mostoperatingconditionsfornonafterburningengines.Theprevalent

w practiceofbleedingairoverbo~dforcabincooling,accessorydrives,
andsoforthresultsinthrustlossesmorethandoublethelossfortur-
binecooling,andinadditionthespecificfuelcons~tionincreases

& over2 percentforeverypercentof overboardbleedair.

Al 5.Forturbopropenginesat subsonicspeeds,thepowerreductiono resultingfromair-coolingata constantturbine-inlettemperatureof
$ 2000°F is somewhathigherthanfora turbo~etengine,butthenetgains

inpowerresultingfromhigherturbine-inlettemperaturesarestillvery
; large.Inaddition,operationat thehigherturbine-inlettemperature

canresultinanactualdecreaseinspecificfuelconsmqption,including
theeffectsof cooling,relativetolow-temperatureuncooledengines.

6.Liquid-coolinghasan extremelysmaldeffecton engineperform-
ance(neglectingradiatordraglosses].Inmostcases,liquid-cooling
willcause less than l-percentlossinperformanceforturbopropengines.

7.Basedongeneralheat-transferanalyses,ita~earsthat
convection-ccoledcorrugated-insertaudstrut-s~ortedturbineblades
willprobablybe satisfactoryformostturbojetapplications,exceptfor
operationundertheconibinationof veryhighgastemperatures(25000F}
andhighflight.Machnumbers(above2))wheretranspirationcoolingmay
be required.Forsmallor thinbl.adesthemsximumpermissibletempera-
turesandflightMachnumbersmaybe lower.

E@erimentalStudies

1.Atpresent,themostpromisingtypesofair-cooledturbineblades
forconventionalturbo~etenginesarethecorrugated-inswtandstrut-
supportedblades.Furtherresearchisrequired,andis underway,on
bothsmalllandthinturbineblades.Preliminarystudiesindicatethat.
scslingdownsomeofthecoolingschemes,suchas’thestrutblade,a~e&m
tobe feasible,butinadditionnewtypesof designwillbe requiredfor

m many applications.

,t.ww~., .-------
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2.Analyticalbladetemperaturepredictionshavebeenfoundtogive
reasonableagreementwithexperimentallymeasuredtemperaturesfor .

corrugated-insertandstrut-supportedturbineblades.

3.Enduranceinvestigationshavebeenconductedona limitednumber
of air-cooledturbineblades.Althoughfurtherenduranceprogramsare
requiredon othertypesofbladesjotherbladematerisls,andblades
operatingathigherstresslevels,inordertoobtainconclusiveresults,
it is indicatedthatwithproperdesignair-cooledturbinebladelife
shouldbe satisfactory.

—

3
4.Manytypesofair-cooledturbinediskdesignsappeartobe feasi- %

ble. Experimentalresultsfromseveralturbinedisksofonetypeof de-
signindicatethatdiskcoolingwillbe adequatewiththeamountof air w
requiredforbladecooling.Eimerimentalresultshave not beenobtained,
hcn%ver,at turbine-itiLet-tempe~aturesinexcess

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics

Cleveland,Ohio,December2,1954.
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Figure10.- Threemethodsofair-cooling.
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RESEARCHMEMORANDUM

REVIEWOFSTATUS,METEODS,ANDP(M7EN’TIALSOF

GAS-TUlt61NEAIR-COOLING

By JackB. EsgarandRobertR. Ziemer

Theuseof turbinecoolingto allowincreasedturbine-inlettempera-
turesingas-turbineenginespermitsgreatlyincreasedenginepowerout-
put (thrustor shafthorsepower)and,forsomet~es of engines,permits
improvedspecificfuelconsumption.Inaddition,coolingallowsa great-
er degceeoffreedominturbinedesignbecauseofhigherpermissible
stresslevelsanda greaterrangeofpossibleturbinematerisls.The
attainmentof thesebenefitsfromturbinecoolingisaccompaniedby a
suuildperformancereductionrelativeto theidealuncooledengineper-
formanceas a resultof coolinglosses.Fornonafterburningturbojet
enginesoperatingat a flightMachnumberof2 andconstantturbine-inlet
temperature,approximatelya l-percentreductioninthrustaccompanies
eachpercentof airbledfromthecompressorexitforturbinecooling.
Theeffecton spectiicfuelconsumptionisgenerallynegligible.‘The
prevalentpracticeofbleedingairoverboardforcabincooling,driving
accessories,andsoforth,resultsina thrustreductionmorethandouble-
thatcausedby turbinecoolingandcausessubstantialincreasesinspe-
cificfuelconsumption.Thepowerreductionresultingfromair-cooling
a turbopropengineat subsonicspeedsandconstantturbine-inlettempera-
tureissomewhathigherthanfora turbojetengine,butthenetgainsin
powerresultingfromhigherturbine-inlettemperaturesarestillvery
large.Inaddition,operationat thehigherturbine-inlettemperatures
canresultinanactualdecreaseinspecificfuelconsumption,including
theeffectsof cooling,relativetolow-temperatureuucooledengines.

Atpresent,themostpromisingair-cooledturbinebladesforconven-
tionalturbojetenginesareconvection-cooledcorrugated-insertand
strut-supportedblades.Successfulanalyticalmethodsofpredicting
bladetemperatureshavebeenfoundforbothblades.Generalheat-transfer
analysesindicatethatthesebladeswiU probablybe satisfactoryexcept
foroperationunderthecombinationof veryhighgastemperatures(2500°
F) andhighflightMachnumbers(above2),wheretranspiration-coolingmay
be required.ForSW or thinblades,themaxtiumpermissibletempera-
turesandflightMachnuuibersmaybe lower.

Y!-
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INTRODUCTION
v

Pasthistoryhasshownthat,inordertoobtaindesirablecycle
temperaturesforheatengi~esj it wasoftennecessarytocoolcertain
enginecomponentstocircumventmaterialstrengthlimitations.Thermo-
dynamically,remotiofheatfroma cycleby coolingisdetrimentalto
perfo?nnance;but,practically, coolingpermitsa typeof engineoperation
resultinginperformanceunattainablewithoutcooling.

—
An excellentex-

ampleisthepistonengine,whererefinementsincoolingmethods,involv-
ingtheremovaloflargequantitiesofheat,ledto increasinglysuperior
performance.Itcanbe expectedthata similartypeofevolutionwill “d
occurinthecoolingof gas-turbineenginesandresultina typeofopera-
tionpresentingmanynew~erformancepossibilities.

Therearethreemainpurposesforcoolingtheturbinesof gas-turbine d

engines.Thefirstandmostcommonlyacceptedpurposeisthathigheren-
ginecycletemperatures(resultinginincreasedspecfficpower)canbe E
obtainedifmeans are providedforcontrollingtheturbinediskandblade
temperaturesindependentlyof theturbine-inletgastemperature.The
secondpurposeistopermittheuseofhighero~eratlngstressesor to
givelongerturbinelifeby reducingtheoperattngmetaltemperatureof

—

theturbine.Eigheroperatingstresses&llowa muchgreateramountof
freedomintheturbinedesignandgenerallyr-esultinincreasedpowerfor

—

a givenenginefrontalarea,becausetheflowcapacityof theturbinecan
be increasedthroughtheuse of longerturbineblades.Thethirdpurpose
of turbinecoolingistopermita greaterdegreeoffreedominthechoice
of turbinematerialsthanis”presentlyavailableto enginedesigners.

— —

Materials currentlyusedforgasturbtnesarechosenforstrengthchar-
.-

acteristicsathighoperatingtemperatures.In general,thesematerials
alsocontainrelativelylargequantitiesof sc6rceor criticalalloying
elements.Loweringtheturbinebladeteurperaturepermitstheuse of
othermaterialsthat,inadditiontohavingthecapacityofwithstanding
higherstresslevels,havereducedamountsof criticalalloyingelements
relativeto theso-called‘thigh-temperaturealloys.i~

Thisreportdiscussestheuse oflesscriticalturbinematerials
andpresentssomeof theperformancepossibilitiesattainablewhentur-
binecoolingisemployedtopermituseofhighercycletemperatures
andhigherturbinestresses.Inaddition,someof theprogressthathas
beenmadeinturbineair-coolingresearchisdescribed,andan indication
isgivenas to theexpectedtrendsinthedevelopmentof cooledgas-
turbineengines.
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TurbojetEngines

Thethrustof a turbojetengineisessentitiyproportionalto the
productoftheweightflowofairthatpassesthroughtheengineandthe
velocityof thejetat theexhaustnozzle.Allmethodsof increasing
thethrustoutput,therefore,dependuponincreasingeitheroneorboth
of thesevariablesinsomemanner.Theweightflowof a~ perunitfron-
tslareacanbe increasedthroughtheuse ofrecentlydevelopedcourpres-
sors.Thejetvelocitycanbe increasedthroughtheuseof (1)higher
compressorpressureratios,higherturbineefficiencies,orlowerburner
pressurelosses,allofwhichresultina higheravailablepressurein
theexhaustnozzleandconsequentlyslllowhigherexpansionratiosfor
obtaininghighervelocities,(2)improvedeXhaust-nozzleefficiencies,
and(3)increasedjet-exhausttemperatures.

Severalof theseeffectson engineperformanceareillustratedin
figure1 (datafromref.1) forbothnonafterburningandafterburning
turbojetenginesoperatingata flightMachnuniberof2 inthestrato-
sphere.Withthenewercompressors,theflowPerunitof e-ine fion-
tslsreaisoftendeterminedby thetwbine. Forthisreason,therela-
tiveenginethrustisgivenperunitof turbinefrontalareainfigure1.
Forthiscase,highcompressorpressureratiosres~t inhi@er gasden-
sitiesat theturbineandconsequentlyincreasedflowcapacity.(The
compressorpressureratiosshownsrefortheactualoperatingconditions
andnotsea-levelstatic.)

Itcanbe seenfromthefigurethat,fornonafterburningengines,
turbine-inlettemperaturehasa verysignificanteffecton thrust.In-
creasesin turbine-iulettemperaturecanincreasethethrustby a fac-
torof 2 or morerelativetothatofpresentengines.At constantcom-
pressorpressureratio,increasesin turbine-inlettemperaturegenerslly
resultin increasedspecificfuelconswnption.Theseincreasescanbe
explainedby thefactthatthethrustis increaseddirectlyas thejet
velocityis increased}butthekineticen~~ of thegasesiS increased
as thesquareof thejetvelocity.Thefuelconsumptionisproportional
to thekinetic-energyincrease;therefore)thefuelconswtionincreases
ata greaterratethanthettiust~Wth a resfitantincreaseint~ust
specificfuelconsumption.Thiseffectcanbe largelycompensatedfor
by increasingtheenginethermalefficiencythroughtheuseofhigher
compressorpressureratios.

Figure1 alsoshowsthatveryhighthrust levels are obtainable
forafterburningengines.Thisthrustisobtainedata relativelyhigh
costinspecificfuel consumption,particularlyat theturbine-inlet
temperaturesof currentengines.If theturbine-iulettemperatureis
increased,a smallerpressure*OP iSincurredacrosstheturbine>less
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fuelisburnedintheexhaustnozzle(althoughmoreisburnedaheadof
theturbine),andthethrustoutputof theengineisincreasedata sub- _ .~
stantialsavinginspecificfuelconsumption.Theadvantageofincreased
turbine-itiletteuq?eraturesforafterburningenginesisthereforeprima-
rilytodecreasethefuelconsumption.Inaddition,highercompressor
pressureratioscouibinedwithhighturbine-inlettemperaturesgivevery

..

lsrgeincreasesinthrustandimprovedspecificfuelconsumption.

TurbopropEngines :4
%

Thepoweroutputoftheturbopropengine,orothershaft-powertur-
bineengines,isprimarilya functionof energylevelof thegasesahead
oftheturbine;therefore,theturbine-inlettemperaturehasa direct
bearingon thepower.Intheturbopropenginethegasesareexpanded

m

almostcompletelyinordertoextractthemaximumponr, sothatthe
pressurelevelanddensityat thelaststageof theturbinearealways
low.

P
Therefore,turbineflowcapacity(weightflowperunitturbine

frontalarea)isalmostindependentof compressorpressureratio.Be-
causeof thiqfact,powerperunitturbinefrontalsreahaslittlesig-
nificance;of greatestinterestispowerperpoundof compressorair,
definedas specifichorsepower.

Theeffectsof turbine-iulettemperatureandcompressorpressure
ratioonrelativespecifichorsepowerandspecificfuelconsumptionare
showninfigure2. Here,as infigure1 fortheturbo~etengine,the
poweroutputcanbe increasedby a factorof 2 ormorerelativetopres-
entenginesby increasingtheturbine-inlettemperature.Itwillbenot-
ed,however,thatoppositetothecaseforthenonafterburningturbojet,
increasingturbine-inlettemperaturedecreasesspecificfuelconsumption
fortheturboprop.A rigorousexplanationof thistrendissomewhatiu-
volvedjbutbasicallythereasonforthedecreaseinspecificfuelcon-
sumption~th increasingturbine-inlettemperatureisthatboththegrOSS
turbinepowerandthefuel-flowratearedirectlyproportionalto the
turbine-inlettemperature.Thenetturbinepower,or shaftpower,is
thegrossturbinepowerminusthecompressorpower,andthereforeit
increaseswithturbine-inlettemperatureata rateproportionallygreat-
er than for thegrosspower.As a result,thespecificfuelconsumption,
whichistheratiooffuel-flowrateto shaftpower,decreaseswithin-
creasingturbine-inlettemperature.

DESIGNFREEDOMOBTAINABLEW~TURBINECOOLING

Theflowcapacityofmoderncompressorsisrayidlyincreasingto
thepointwherecomponentsotherthanthecompressor(inletdiffuser,
primaryburner,turbine,afterburner,orexhaustnozzle)wilJ.determine
theenginefrontalsrea.Forsomeapplications,itappearsthatthe

u

I

‘~

. .
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turbinemayhavethelargestdiameterofanycomponentof theengine.
d Theflowareaof theturbinecanbe increasedbytheuseof longertur-

bineblades,butthisoftenresultsinstressesinexcessof thoseper-
missiblewithpresentlyavailablematerialsinuncooledturbines.An
indicationof themannerinwhichturbinediameterisrelatedtoturbine
bladestressfora givencompressorweightflowandpressureratiois
showninfigure3. Increasingthebladerootstressfrom30,000to
60,000poundspersquareinchcanresultina reductionin single-stage

w turbinediameterofapproximately15percent.Thiscorrespondstoa
P frontal-areareductionofover25percent.

Propertiesof somematerialsthatcanbe usedtoobtainhighertur-
binestresslevelsareindicatedinfigure4. Forthetemperaturesat
whichgas-turbinebladesoperate,stress-ruptureisthecriterionthatQ usuallydeterminesellowablebladestress.Thestress-ruptureproperties
of severalmaterialsareshown,andtheupperlevelsof thecurvesare

% cutoffwhere stress-rupturepropertiesnolongerdeterminethepermis-
siblestress.ThealloyS-816iscommonlyusedinpresentgas-turbine
engines.At a temperatureof1500°F (aboutstandardbladetemperature
forpresentengines},themaximumallowablestressis24,000poundsper
squareinch.If,however,thetemperatureisreducedonly100°Fby
cooling,thesllowablestresscanbe increasedby about35percent,with
furtherincreasesobtainableatlowertemperatures.Belowtemperatures
ofabout1200°F, however,othermaterials,

—
suchasA-286,possessbetter

strengthproperties,withthepossibilityof operatingat stressesover
90,000poundspersquareinch- over~ timestheallowablestressfor
presentengipes.

Furth&reductionintemperaturemakespossibletheutilizationof
high-strengthsteelssuchasTimken17-22A(S).Thistypeofmaterial
offersonlyslightincreasesir.ipossibleoperatingstressoverA-286,
butthecritical-materialcontentof17-22A(S)isalmostcompletelyelim-
inated,thealloycontainingabout97percentiron.EvenA-286ispres-
entlyconsidereda relativelynoncriticalalloy,becauseitisover50
yercentironandcontainsno cobaltor columbiwa.Currentlyusedblade
materialssuchas S-816containveryhighquantitiesof criticalmateri-
alssuchas cobdlt,nickel,chromium,andcolumbium,theironcontentof
S-816beingonly2.8percent.

Ingeneral,materislsthatexhibithighstrengthat temperatures
frbm1000°to13CX3°F containconsiderablysmallerquantitiesof uriti-
calmaterialsthanthecurrentlyusedhigh-temperaturealloys.Thesig-
nificanceof thisfactisthatcooling,inadditiontopermittingthe
useofhigherturbine-inlettemperaturesandstressesin turbineengines,
permitstheproductionofa greaternumberof enginesbecauseof the

8 greateravailabilityof suitableturbinematerisls.Thefactorofma-
terial.availability-wastheprimaryreasonthe
ingin someof theirturbojetenginesinWorld

d

Germansusedturbinecool-
War II.

—

1,
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bine
Theveryhigh
cooling(fig.

●

stressesapparentlyavailablethroughtheuseof tur- ~
4)donotnecessarilymeanthatit ispossibleto

operatetheturbinebladesat thesestresslevels.As discussedinref-
erences2 and3,a factorof safety,definedas a stress-ratiofactor>
isrequiredinthedesignofair-cooledtwbineblades.Thisfactorof ..
safetydifferslittlefromthatusedinstandarddesignpractice,except
thattheactualstress-rupturepropertiesofthematerialsinam-cooled : .
turbinebladesarenotknownafterbladefabrication.Thestress-rupture-’- ““
propertiesshown-infigure4 areforbarstock.Inair-cooledturbiqe_ _
blades,themet~ is thin and the structuresareusuallybrazed;both
thethinmetalwallandthebrazinghavetheeffectof decreasingthe s

Thiseffectis..believedtovarygreatlytith ‘ ‘“%stress-ruptureproperties.
materialsandbrazingaUoys andtechniquesused. Reference3 showed
that,foronet~e ofbladedesignmadeofalloy17-22A(S),therequired *;
stress-ratiofactorwas2.3. Thisistheratioof thestress-rupturefor
barstockto the-centrifugalstressinthefailureareaof theair-cooled
turbineblade.Itisbelievedthattheuseofotherbladematerialsand ‘“
possiblyofotherfabric.a.tiontechniquesmayresultinmuchlowervalues
of stress-ratiofactor.Evenwithhighvaluesof stress-ratiofactor,
higherturbineoperatingstressesarepermissiblethroughtheuseof
turbinecoolingthanarepresentlypossibletithuncooledtwbinebla.~es._ _

EWFECTOFTURBINZCOOLINGONENGINEPEFU’ORMANCE —

Themostprobablesource of airfortu_rbinecoolingis theengine
compressor.Itisoftenpossibletobleed,thecompressorairfroms~e ..
intermediatestageinordertokeeptheco~ling-airtemperatureandthe
compressorworkon thecoolingairata minimumlbutforturbinerotor
coolingit ismoreoftennecessarytoble~ &om thedischargeof the- - ~
compressorinordertoobtainthehighestpossiblepressureforeffec-
tivebladecooling.Theuseof thisairforcoolingaffectsengineper- ‘- _.
formancein severalways. Theairisremovedfrompartof theengine
cyclesothati.tis unavaihblefordoingworkintheturbine,butthe
workdoneonthecoolingairmakestherequiredspecificturbinework
higherthanwithoutbleed.Whentheairisusedforturbinerotorcool-
ing,additionalworkisdone,onthecoolingairtoaccelerateitto the ‘:~=-
wheelspeedat thebladetipas itpassesthroughtherotor.Fora g~ven-”
valueofturbine-inlettemperature,ther<.ore,thepressuresndtemper-
atureratiosacrosstheturbinewillbe sumewhathigherwhenairis
bledfromthecompressor.

Reductionoftheexhaust-gastemperaturedueto dil~tionby the
coolingairresultsina thrustreductioncomparedwiththecasewithno
coolingair,but.themass-flowadditionintheexhaustjet-duetothe”
COOlingairresultsin higherthruststhani?theah werenotfixed-!nto.-t’.—
theexhaustgases. ..

v

1!
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Turboje’t-EngimePerformance
4

fiesentknowledgeof thequantitiesof coolingairrequiredfor
operationathigherturbine-itiettemperaturesmaybe usedtopredict
theengineperformanceattainablewithair-cooledturbines.Turbojet-
engineperformancewithno considerationgiventotheeffectsof
bleedingyartof thecompressorairforturbinecoolingwasdiscussed
inconnectionwithfigure1. Thecouibinedeffectof increasingthe
turbine-inlettemperatureandbleedingairfromthedischargeof the
compressortocooltheturbineisshowninfigure5. Theseanalyt~csl
resultsarebasedon thecoolantflowsthatwerecalculatedtobe re-
quiredforsingle-stageturbineswithcorrugated-insertblades.The
totalcoolantflowsforbothturbinestatorandrotorwereapproximately

*- 3 percentat 2~0 F, and8 percentat 2500°F. Theseareprobablya-
bouttheminimumflowsthatcouldbe expectedwithcorrugated-insert
blades,but,shouldbe easilywithinthecapabilitiesof otherbladesto

- be discussedlater.Qoolinggenerallyresultsina smalldecreasein
thrustwithpracticallyno sacrificeinfuelconsumptionrelativetothe
calculatedperformancewithoutcoolingfornonafterburningengines.In
afterburningengines,theeffectof coolingisto increasefuelconsump-
tionwithonlysmalleffectson thrust.Theseeffectscanbe explained
by thefactthatcoolinggenerallyshiftstheperformancemapin thedi-‘
rectionoflowerturbine-inlettemperaturesby dilutingtheexhaustgases
andloweringthetemperaturedownstreamof theturbine.

Turboprop-EnginePerformance

Air-coolhg.- Thepredictedperformanceof anair-cooledturboprop
engineat sea-levelstaticconditionsisshowninfigure6. Thecooling-
airrequirementswereassumedtobe thesameas fortheturbojetengine.
Thedecreaseinperformancerelativeto thecalculatedperformancewith-
outcooling(fig.2) isgreaterfortheturbopr~thanfortheturbojet
engine,becausein theturbopropthecoolingairpassi~througha cooled
turbinestageis completelylostforenginepowergenerationinthat
stageof theturbine.Zntheturbojetengine,on theotherhand,the
coolingairisstillavailableforobtainingpowerin theformof jet
thrust. At turbine-irilettemperaturesupto2000°F withtheturboprop
engine,however,thespecificfuel consumptiondecreaseswithincreasing
valuesof turbine-iulettemperatureevenwhentheeffectsof coolingare
included.

Liquid-cooling.- Alsoshowninfigure6 isa performancepointfor
a liquid-cooledturbineunderthemostsevereconditionsgiven.In this
casetheonlyeffectof coolingon thecycleistheremovalofa small

. portionofheatfromthegases.Theeffectonperformanceisextremely
small;therefore,liquid-coolingof turbopropenginesisverypromising
ifradiatordraglosses=e tolerable.Whethertheradiatorswillcause;

.-

.
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anacutaldragisopento questionandwillbe determinedby theradf-
atordesign.Theairplanedesignwill,ofcourse,be materiallyaffected
by requirementsforductingairaboardfortheradiator.Forstationary
powerplants,theradiatorusuallydoesnotpresenta problem;consequent-
ly,liquid-coolingisextremelypromisingforthisuse. Eventhoughthe
performanceofair-cooledturbopropenginesisinferiortotheperform-
anceofliquid-cooledengines,theuseofair-coolingisverypromising
foraircraft,becausesubstantialincreasesinpowerareattaimibleat
no increaseinspecificfuelconsumptionrelativetouncooledenginesat
currentgas-temperaturelevels,andnoradiatorsarerequired.

PerformanceVariationswithCompressor-DischargeAirBleed

Previousfigureshaveshowntheperformancepotentialitiesattain- ‘E
ablethroughtheuseof turbinecoolingtopermitengineoperationat
higherturbine-inlettemperatures.Itisalsoimportatto stbdythe P
engineperformancevariationsresultingfromturbinecoolingata con-
stantturbine-inlettemperatureforvariousquantitiesof coolingair
to determinetheeffortthatmustbe expendedinfindingmethodsthat
wfllrequire smaller quantitiesofcoolantandthatwillreducelosses.

Theeffectofbleedingvariousamountsofah fromtheccmqpressor
for coolingorotherpurposesisshowninfigures7 and8 fornonafter-
burningturbojetandturboprope~ines,respectively.ThequantityOf
airrequiredforcoolingdependsupon thetypeofair-cooledbladesused
intheengine;therefore,at givenengineconditionsa widevariationin
cooling-airrequirementsispossible.Inmostaircraftgas-turbineen-
gines,afiisbledfromthecompressorforsuchusesasaccessorydrives
orcabincooling,inwhichcasestheairisthrownoverbosrdandcannot
be usedforjetthrustorturbinepower.As a basisofcomparison,the
effectsonperformance of thisprevalentpracticeofoverboardbleedare
showninadditionto theeffectsofbleedingairforturbine-cooling
purposes.

Thevariationsofrelativespecificthrustandspecificfuelcon-
sumptiontithvariouspercentagesof coolingairbledfromthecompres-
sordischargefora turbojetengineoperatingata flightMachnuuiberof
2 inthestratosphereareshowninfigure7. Thesamegeneral.trends
areobtainedat conditionsotherthanthosegivenforthisfigure$ex-
ceptthat,atlowerturbine-inlettemperatures,lossesduetocooling
aresomewhathigher.Thethrustdecreasesapproximately1 percentfor
everypercentofairbledfromthecompressorforturbine-coolingpur-
poses.Thislossismorethandoublediftheairisbledoverboardand
cannotbe usedfor.jetthrust.Airbledforturbinecoolinghasonlya
veryslighteffecton specificfuelconsumption,butoverboardbleed
increasesthespecificfuelconsumptionover2 percentforevery per-
centofbleedair.

—
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The’effectofbleedingvariousamountsof coolingairontheyer-
4 formanceof a turbopropora stationarypowerplantoperatingat sea-

levelstaticconditions(nojetthrusthorsepower)is showninfigure8.
As explainedinconnectionwithfigure6, thedecreaseinperformance
duetoair-coolingata constantturbine-inlettemperatureislargerfor
a turbopropthanfora turbojetengine.‘Thisisparticularlytruecon-
cerningspecificfuelconsumption,forwhichtheincreasewithcooling-
airflowismorethan5 timesashighas fora turbojetengine.Thede-

8 creaseinyowerduetobleedingairforturbinecoolingisonlyslightly
F higherthanthedecreaseinthrustfora turbojet.As statedpreviousQ,

however,operationat thehigherturbine-inlettemperaturespermittedby
turbinecoolingcanresultinanactualdecreaseinspecificfuelcon-
sumption,includingtheeffectsofcooling>relativetolow-t~erature
uncooledengines.Forturbopropengines,bleedingairforturbinecool-d ingisonlyslightlylesscostlythanforcabincooling,accessorydrives,
electronicequipmentcooling,andsoforth.

4
As previouslydiscussed,theeffectofliquid-coolingon turboprop

or stationarypower-plantperformanceisextremelysmall.Thechange
inpoweror specificfuelconsumptioncausedby liquid-coolingat they conditionsoffigure6 islessthan0.5percent.

3
Foraircraftapplica-

tion,ofcourse,theeffectofradiatordragon over-allperformance
wouldslsohavetobe included.

As explainedinreference4, thereisan optimumjetvelocityfor
turbopropenginesat eachflightspeedthatresultsin minimumfuelcon-
sumptionandmsxiumuthrust.TheperformancevariationsduetobIeeding
airfromthecompressorforcoolingpurposesaresomewhatsmallerfor
turboprmengineswithoptimumjetthrustthanforthecasewithno Jet
thrust,buttheimprovementisoflittlesignificance.

@ to thepresenttimeithasbeenimpossibletoverifye~erimen-
tallyalltheeffectsof coolingon engineperformance.Probablythe
lsrgestunhewninthepredictionof engineperformanceistheeffect
onturbineaerodynamicperformanceofdischargingcoolingairfrom .
thebladetips.Testsat theNACA,whilenotconclusive,donotshowa
measurableeffectof thecooling-airdischargeon turbineefficiency.
Testsconductedby theBritish(ref.5) showthata coolantflowof 2 per-
qentof thecompressorflowtoeachtheturbinerotor andtheturbinesta-
toraffectedtheturbinestageefficiencylessthan0.5percent.Inthe
Britishinvestigation,thestatorcooling air was dischargedat thesta-
torinnerdiameteraheadof theturbinerotor.H, instead,thisairhad
beenductedtomixwiththeeXbaustgasesdownstreamof theturbine,an
evensmallereffecton turbineefficiencycouldbe e~ected.

s Theeffectof dischargingtherotorcoolingairthroughseveral
bladetipconfigurations
thatwiththeproyertip

U

wasinvestigatedinreference6,whichindicated
designa substantial

.:.:**!Y““”*
.

portionof thepumpingwork
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onthecoolingairintheturbinerotorcanbe recoveredintheformof
addedturbinework. Generally,theeffectof thisturbineworkon the G
over-allperformanceisofrathersmaSLsignificance,as illustratedin
figures7 and8. Thedifferencebetween
curvesisduetothepu~ingworkinthe
talstudiesjustmentionedindicatethat
cooled-engineperformancearereasonably
shouldbe correct.

thestatorandrotorcooling
turbinerotor.Thee~erimen-
themethodsusedforpredicting
accurateandthetrendsshown

RESEARCHONAIR-COOLEDTURBINEBLADES

Bothair-andliquid-coolingmethodshavetheirrelativeadvantages
~d disadvantages.MostNACAresearchonliquid-coolinghasbeenof-a
fundamentalnatureto determinethelawsgoverningheattransferwithin
thecoolingpassages.Thisresearchissummarizedin reference7,and
morerecentresearchonnatural-convection-coolingispresentedinref-
erence8. Liquid-coolingresearchonactualturbinebladeconfigurations
andsystemshasbeenverylimlted.Sinceair-coolingappearstobe a
quitepromisingmethodforturbo~etenginesandmoreresearchinformation

_ -iii

w’

—

P

—

isavailablethanforliquid-cooling,
islimitedtothattype.

Air-Cooling

Whenair-coolingisincorporated
designmustbe consideredsothatthe

thediscussionofmethodsof cooling
_—

Methods

inanengine,theentireengine
airwillbe utilizedmosteffec-

tively.A possibleengineconfigurationisshowninfigure9. Airis
ductedfromthedischargeoroneoftherearstagesof thecompressor” ‘= -
tocooltheturbinerotorandstatorandisthendischargedintothegas
streamdownstreamoftheturbinetoprovideaddi’ttondthrust.A ho120w
turbineshaftprovidesa veryconvenientmethodof ductingcoolingair
totherotorandcanofteneliminatemanyair-sealingproblems.

Threemethodsofair-coolingareshowninfigure10. Themostcon-
ventionalmethodusedinallheat-transferprocessesisconvectioncool-

—

ing(fig.10(a)).Withthismethod,itisdesirabletoincreaseheat-
transfersurfaceareaontheheat-re~ectionsideoftheapparatussuchas
intheformofthefinsshown.Thismethodofcoolinghasbeensuccess- “—
fullyusedonair-cooledpistonenginesformanyyears.Themethodof
coolingshowninfigure10(b)islesswellknown.A filmof coolah is
introducedthroughslotstoforman insulatinglayerbetweenthehotgases
andthecooledsurface.Thethermalconductivityofairisverylow,so
thatit isa goodinsulationmedium,buttheeffectivenessofthelayerof
airislostsomedistancedownstreamoftheslot_whenitmixeswiththe r
hotgases.Thisdisadvantageiseliminatedby transpirationcooling(fig.
1O(C)),becauseairiscontinuouslybledthroughtheentireareaofa P
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poroussurface.Transpirationcoolingis themosteffectivemethodof
●

air-coolingknownat theyresenttime.A comparisonof thecoolingef-
fectivenessof thesethreemethodsof coolingisgivenin-reference9.

Air-cooledturbinebladesofabout2-inchchordutilizingthese
vsrious methodsof coolingareillustrated.infigure11. Thehollow
bladewasusedbytheGermansin someof theirenginesin1945. A sur-
veyof theirworkon coolingturbojetenginesandturbosuperchargersis

‘M giveninreferences10 to12. Thecoolingeffectivenessof thehollow

E
bladeis solowthatexcessivequantitiesof coolingairarerequired;
consequently,effortsweremadetoprovideaddedinternal.heat-transfer
surfacearea. Thetube-filledbladewasan earlyattemptof theNACAto
providethisextrasurfacearea. Someresultsof testson andmethodsof
manufacturingthistypeofbladearegiveninreferences2, 3,and13 to

* 17● Altho~ morerecentbladedevelopmentshaveledto superiorblade
configurationsso thatthetube-filledbladeconfigurationispresently
oflittleinterestmuchvalwibleinformationhasbeenobtainedfromthis<

a configuration:(a~Thefeasibilityofbuildingbladesof nonstrategic
oa materialswasdemonstrated(refs.2, 3,15,and16)3(b)suitablecoat-
3 ingsfor
y ofblade
$ suitable

relation
lifefor

The

nonstrategicmaterialswerei&estigated(ref.-17);(c)methods
fabricationincludingforming,brazing,heat-treatment,and
typesof structurewerestudied(refs.2 and15);and(d]a
wasobtainedbetweenbar-stockstress-rupturelifeandblade
nonstrategicbladesmadeof17-22A(S)steel(ref.3).

British(ref.18)haveuseda somewhatdifferentmethodof ap-
proachto theproblemof addinginternalsurfacearea. Insteadofyack-
inga hollowshellwithtubesandbrazingtheassemblytogether,they
drilledholesina solidbladetoprovidecoolantpassageswitha greater
internal.surfacemea thanispossibleina hollowblade.

Coolingof theleadingandtrailingedgesisoftendifficultwith
tube-filledblades.Ihanattemptto improvecoolingeffectivenessin
theseregions,filmcoolingwasinvestigatedon thetypeofbladeshown
in figuren(c), withtheresultsreportedinreferences19%0 21. Cool-
ingof theleadingandtrailingedgeswaseffective>butbladedurability
wasa seriousproblem(ref.16). ResesrchwasconductedinGermanyon
bladeshavingfilmcoolingaroundthecompleteperiphery(ref.22),and
similarbladeshavebeenbuiltinthiscountry.Althoughcoolingis
adequateforsomecases,durabilityisusuallypoor. Anothersolution
to theproblemofleading-andtrailing-edgecoolingisto increasethe
thermalconductivityof thebladeshell.”, consequently,shellsthatwere
copper-cladon theinsidesurface(fig.n(d)) wereinvestigatedinrefer-
ence20. Thistypeof structureis similsrto thatof copper-cladkitch-
en utensilsinwhichthecopperspreadstheheatovertheentireareaof
theutensil.Thebiggestdisadvantageof thecopper-cladbladeisthe
weightincrease,whichraisesthestresssomuchthatthegainsfroIu
coolingme practicallyeliminated.



12 NAC?ARM E54123
.

A practical-typeof shell-supportedconvection-cooledbladecon-
structionisthecorrugated-insertblade(fig.n(e)). Largeamounts
ofheat-transfersurfaceareacanbe addedintheformof corrugated
fins,andthefinscanbemadeto extendwellintotheleadingandtrail-
ingedgesofthebladeto ensureadequatecoolingintheseregions.An
islandisusuallyprovidedinthemiddleofthepassagesothatthec-or-
rugationscanbe ofuniformamplitude.Thisislandisblockedofffrom
thecoolingair. Theislandcanbe eliminatedin smallblades,butthe
corrugationswillnotbe ofuniformamplit@e.Temperaturedataob-
tainedfroma corrugatedbladeerediscussedinthenextsection.

Inalltheturbinebladesdiscusseduptothispoint,theblade
shellhasbeentheprimarysupportmemberforcarryingthestresses.due
to centrifugalforces.Sincetheshe12ise~osedtothegasstream,
it isalsothehottestmemberoftheblade;and,therefore}itsstress-
carryingcapacityislowerthanthatofcoolerportionsof theblade.
Forthisreason,bladeshavebeendesigned.andtestedwiththemain
stress-carryingmember,or strut}submergedinsidethecoolantPassage
andoperatingata lowertemperaturethanthebladeshell(figs.I-1(f)
and12). Theshellcanbemadethinandcanbecompletelysupportedby
thestrut.Inthismannerthestressesintheshellaregreatlyreduced,
anditcanoperateathighertemperatures.Withhighershelltempera-
tures,theheattransferfromthegasto thebladeisreducedand.the
quantityofcoolingairrequiredisreduced.Thistypeofbladeshows
greatpromiseforfutureapplicationinaiy-cooledturbineengines.

Thestrut-supportedbladeshowninfigure12 andinvestigatedin
reference23 isan exampleofonlyoneof severalpossiblemethodsof
construction.Thebladeshowncanbe fabricatedbymachiningthecOm-
ponentpartsof thestrutandbaseandthenbrazingthefinal.assembly
together.Theshellcanbe attachedbybrazingor spot-welding.Re-
searchiscurrentlybeingconductedona strut-bladeconfigurationhav-
ingthestrutcastinan integralpiece.me finalconfigurationis
approximatelythesameas theoneshownintheasseuibledviewinfig--
ure12.

ThebladeinfigureU(g) isa transpiration-cooledblade.The
porousshellcouldbemadefromseveral.wteri~s~ themostProbable
beingwovenwireclothorporoussinteredmaterial.smadefrompowdered
metal.Onlya limitedamountofexperimentaldataispresentlyavail-
ablefortranspiration-cooledturbineblades.Someresultsaregiven
inreferences24to27. Advantagesandproblemsintheuseoftranspira-

.

b

—

---

.—_

-.

tioncoolingarediscussedinreference28. Reference29 statesthat,
iftranspiration-cooledbladesaretooperatesatisfactorilyoverwide
rangesofflightaltitudeandflightMachnumber,thecoolingairmust
bemeteredtolocalpositionsonthebladesurface.Thiscanbe accom-

=
?

plishedbyincorporatingorificesintheturbinebladebaseas shown —
infigure13. Inadditiontoprovidingmoreuniformcoolingoverthe

—
—
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widerangeof operatingconditions,thismethodoffabricationgreatly
- simplifiesbladefabrication,becausemeteringtheairat theorifices

insteadof throughtheporoussurfacepermitsfabricationofbladeswith
uniformpermeabilityaroundthebladeperiphery.Thestrutshowninffg-
ure13 hasthedualpurposeof dividingthebladeintoc~artmentsso
thatan orificecanmeterairtolocalpositionson thebladesurface
andprovidinga supportmemberfofitheporousshell.Poroussintered
shellsusua32yrequirean internalsupportbecauseoflowshellstrength,
andwovenwireshellsneedthesupporttoproviderigidity.

E

ExperimentalTemperatureData

Experimental.lymeasuredturbinebladetemperaturesarepresented-u- infigure14 forthecorrugated-insertblade.Thecoolant-flowratio
usedas theabscissaisdefinedas theratioof theairusedforturbine-
coolingpurposestothetotalflowofairthroughthecompressor.For.
theuncooledconditionthebladetemperatureisover200°F lowerthan
theturbine-inlettemperature,becausethegastotaltemperaturerelative
to theturbinerotorblsdesislessthanthegastotaltemperaturerela-
tivetothestatorblades,as a resultofhighrotativespeedsofthe
turbineandhighgasvelocitiesatthestatorexit. Theuseofonly2
percentofthecompressorairforturbinerotorcoolingwillreducethe
bladetemperatureover400°F belowthatof an uncooledblade,orapproxi-
mately6500F belowtheturbine-iulettemperature.Theseresultsshow
thesubstantialbladetemperaturereductionspossiblewithverynominal
amountsof coolingair. Inaddition,theyshowthesuccessobtainedin
developingmetho&ofpredictingtheaveragebladetemperatureofthis
typeofbladeandlendencouragementto usingthesemethodsforpre-
dictingcoolingrequirementsforotherconditions.Thevariationbe-
tweenmeasuredandpredictedtemperaturesislessthan35°F. Thepre-
dictionsarebasedessentiallyon themethodsdiscussedinreferences
30and31.

A morecompletesumuaryofmethodsofanal.yticaldypredictingair-
cooledbladetemperaturesispresentedinreference7. Inaddition,a
methodispresentedinreference32 thatprovidesa quickroughevalua-
tionofthecoolingeffectivenessandpressure-dropcharacteristicsof
convection-cooledturbineblades.Methodsarepresentedinreference
33forrapidlyevaluatingtheheat-transferandpressure-dropcharacter-
isticsof corrugated-insertair-cooledblades.

A comparisonofthecoolingeffectivenessofa corrugated-insert
bladewiththatofa strut-supportedbladeis giveninfigure15. The
temperaturecomparisonisbasedon thetemperaturesof thestress-carrying

● members,whichme theshellof thecorrugatedbladeandthestrutof the
strut-supportedblade.Thedataforthestrutbladewereobtainedfrom ~
reference23. Figure15 showsthatthecoolantflowrequiredforthe

m
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abouthalfthatrequiredforthecorrugated
a specifiedbladetemperature.At thevery b

lowflowrates,thisdifferencew%llhaveverylittleeffecton the
over-allengine~erformance;buttheresultsof figures7 and8 show
that,as thecoolingloadbecomesmoresevere, thesavingsincooling
airwiththestrut-supportedbladecouldresultinappreciablegainsin
engineperformance.Experimentalandcalculatedtemperaturesforthe
strut-supportedbladesarealsocomparedinfigure15. Againtheagree-
mentisverygood.Thecalculatedtemperatureswereobtainedbythe
methodsdescribedinreference34.

Cautionmustbe observedingeneralizingtheresultsobtainedfrom
researchon thebladesshowninfigures11.to3.5.Allthesebladeshad
a chordofa~roximately2 inchesormoreandwouldbe suitableformany
turbojetengines.Forsomehigh-compressor-pressure-ratioturbojeten-
ginesandformostturboprcrpengines,however,thebladesaremuchsmB3L-
er. Researchispresentlybeingconductedon thesesmallerblades,and
alsoonbladesthathavesuchthincrosssectionsthatuseof internal
heat-transfersurfaceareaisdifficult.Prelimin~ystudiesindicate
thatscalingdownsomeof thecoolingschemessuchas thestrutblade
appearstobe feasible,butin additionnewtypesofdesignwillbe re- ‘“
quiredformanyapplications.Theresearchhasnotadvancedfarenough
towarrantdiscussion.

Air-cooledbladedurabilityisequallyas importantas theblade
temperaturereductionthatispossibleby cooling.Someof theendur-
anceinvestigations,conductedmostlyonnonstrategictube-filledblades
hatinga criticalbladesectionstressofabout23,500poundspersquare
inch,arereportedinreferences2,3,16,and17. Air-cooledturbine
bladelifeof 350hoursatfull-powerengineconditionshasbeenobtained
withno indicationoffailure(ref.3). Althoughfurtherendurancepro-
gramsarerequiredor.othertypesofblades,otherbladematerials,and
bladesoperatingathigherstresslevelstoobtainconclusiveresults,
it isindicatedthat,withproperdesign,air-cooledturbinebladelife
shouldbe satisfactory.Turbinebladestresslevelsin excessof 40,000
poundspersquareinch
bladestressesashigh

me beinginvestigated,andit isindicatedtht
as50,W poundspersquareinchmaybe feasible.

BladePressure lksses

Inadditiontotheheat-transfercharacteristicsof turbineblades,
thepressure-losscharacteristicsareimportant,becausetheydetemine
toa largeextenttheflowcapacityof thebladesandthepointatwhich
coolingairshouldbebledfromthecompressor.Thereisa generalre-
lationbetweenheattransferandtiiction,sothatbladeswithhigh
coolingeffectivenessalsohaverelativelyhighpressurelosses.A
quickmethodofcalculatingthepressurechqngesthroughair-cooled
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turbinebladesispresentedinreference35. Frictionfactorsfortwo

15

. air-cooledturbine–bladeconfigurationsweremeasuredandreportedin
reference36,inwhichair-cooledbladepressurelosseswerecalculated
within*6 percent.

Thegenerslpracticeinthedesignof air-cooledturbinebladeshas
beento designfora maximumcooling-airMachnumberof 0.5at theblade
tip. At a giveninletsupplypressure,theflowat a Machnumberof0.5
isabout75percentof thechokedflow. It isfeltthatdesigningfor

‘i! higherMachnumbersleaveslittlemarginof safetyforextremeconditions
L thatmaybe encounteredinengineoperation.A methodofbladedesign

thattakesinto
inreference33

.-.

.
Theuseof

accountbothpressurelossandheattransferispresented
forcorrugated-insertbhdes.

AIR-COOLEDTUR131JTEDISKCONFIGURATIONS

air-cooledturbinebladeswillrequirea typeof turbine—
rotorconstructiondtfferentfromthatincurrentuse. Thereis,however,
a considerableamountoffreedominthetypeof designpossible.Two
maintypesof turbinerotorarethesplitdisk(fig.16)andtheshrouded
disk(fig.17]. Witheitherconstructionthecoolingaircanbe supplied
l%omtheupstreamdirection,thedownstreamdirection,or througha hollow
turbineshaft.Withanyof thesepossibletypesof construction,internal.
vanesarerequiredintheturbinerotorto directandhelppumpthecool-
ingairouttotheblades.Vaneconfigurationsfortwoexperimental
split-diskair-cooledturbinesareshowninfigure18. Inonecasethe
vaneswerecurvedtoprovidean inducersectionforthecoolingair,while
intheothercasestraightvaneswereused. Experimentaltestsreported
inreference37 donotindicatethesuperiorityof eithertypeof vane
construction,andineachcasethepressurerisein theturbinedisksis
small.In general,thepressuresuppliedat therotorhubwiXlhaveto
be ashighas thestaticgaspressureat theturbinebladetips,or
higher.

Up to thepresenttime,experimentaltestshavebeenconductedon
severalturbineswiththetypeof diskconfigurationshowninfigure
16(b),andsomeof theresultspresentedinreferences38 to 40 indicate
thatdiskcoolingwCKlbe adequatewiththeamountof airrequiredfor
bladecooling.Experimentalresultshavenotbeenobtained,howevqr,
at turbine-inlettemperaturesinexcessof1900°F. In theexperimental
turbinesthedownstreaminletwasrequiredinordertominimizethesJ--
terationstoa counnercialenginewhenincorporatingturbinecooling.A
discussionof someof therelativemeritsofothertypes’of diskcon-
structionisgiveninreferenceQ.

.
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PROBABLEFUTUREUSEOFVARIOUSTURBINE-COOIJ2?GMETHODS

Mostex_@erimentalresearchonturbinecoolinghasbeenconcerned
withinvestigatingvariouspossibletypesofbladeconfigurationsto
determinecoolingeffectiveness,fabricationproblems,andeqected
durability.Investigationshavebeenconductedincommercialengines
modifiedtoaccommodateair-cooledturbines,andtheturbineswere
usuallymadeofnonstrategicmaterials.A combinationof thisexperi-
mentalresearchandanalysishasmadepossibletheverificationof
analyticalprocedures,andcyclecalculationshavebeenmadetodeter-
minetheareasofoperationinwhichfutureuseof turbinecoolingwill.
bemostprofitable.Theuseofcoolingisparticularlypromisingfor
turbojetenginespoweringaircraftat supersonicsyeedsandforturbo-
propenginesor othershaft-powerturbineenginesusedin subsonicand
transonicflightandstationaryormarinepowerylants.

Therelativemeritsofthreemethodsofbladecooling (convectionL
film,andtranspiration)forfutureuseincooledturbo~etengfnes&re
indicatedinfigure19. Therelativecoolantflowsrequiredforthese
varioustypesof coolingareshownforturbine-inlettemperaturesof
2000°and3000°F andforflightMachnumbersofzeroand2.5. There-
sultscanbe usedtoindicatetrendsonly,becausetheyarenotthere-
sultofa designstudy.No considerationisgiventocooling-airpres-
suresthatmaybe requiredortowhetheractualbladeswillbe feasible
forthevariousconditionsbasedon size,durability,andsoforth.The
calculationsarebasedonan assumedbladetemperatureof1250°F,
compressor-dischargeairbleedwithnorefrigerationof thecoolingair,
andresultspresentedinreference9. Itwasassumedthatthecompres-
sorhada pressureratioof10ata Machnumberofzeroanda pressure
ratioof 6 ata hkchnumberof2.5. Itshouldbe remeuiberedthatno
experimentalinformationisavailableconcerningcoolingat a gastempera-
ture as highas 3000°F; consequently,resultsat3000°F arebasedon
theextrapolationofcorrelationmethodsobtainedat lower temperature
levels.Theresultsshownat thistemperature,therefore,mustbe con-
sideredapproximate.

At lowflightspeedsfigure19 showsthatthequantityof coolant
requiredforturbine-inlettemperaturesupto2000°3’(almost400°F
abovecurrentpractice)isrelativelysmallforeitherconvectionor
transpirationcooling.Filmcoolingappearsto be impracticalmainly
becauseof theproblemofbladedurability;but,inaddition,theflow
requirementsarehigherthanforothermethods.Theconvection-coo13.ng
barisrepresentativeofthebettershell-supportedblades(seefig.
U(e)). Strut-supported-bladecooling-airrequirementswouldbe inter-
mediatebetweenthoseshownforconvectionandtranspirationcooling.–

As turbine-inlettemperatureis increasedto3000°F atlowflight
speeds,thecoolingrequirementsbecomemoresevere> andfilmcooling
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appearstobe completelyoutof thequestion.Convectioncoolingis
. possible,butrelativetotranspirationcoolingtherequirements=e

high.
.—

As flightspeedsareincreased,theram-airtemperatureincreases
considerably,so thatthetemperatureof thecompressor-dischsxgeair
usedforturbinecoolingrisesrapidly.Thehighcooling-airtempera-
turemakesturbinecoolingmoreofa problemathighflightspeeds.As
showninfigure19,ata flightl&chnumberof 2.5thebladecooling
problemsarejustas severefora turbine-inlettemperatureof 2000°F
as theyareatlowflightspeedsfora turbine-inlettemperatureof
3000°F. Increasingtheturbine-inlette~eratureto3000°F at a flight
Machnumberof 2.5andusingcompressor-dischargeaircreatea cooling
problemso severethattranspirationcoolingis theonlyair-cooling
methodpresentlyknownthatcouldoperateefficiently.It ispossible,
however,toprovidea certainamountofrefrigerationto theturbine-
coolingair. Severalsystemsincludingrefrigerationforutilizingcom-.
presserairforturbinecoolingathighflightMachnumbersarepresented
inreference42. Withrefrigerationsystems,convectioncoolingathi~

y flightspeedsandhightemperaturesisalsofeasible.At flightMach
~ numbersup to somewhatover2.0,cooling-airrefrigerationisprobably

unnecessary.

Itcanbe concludedfromthisstudyandotherstudiesthat,forgas
temperaturesuptoabout25000F andflightMachnumbersup toatleast
2.0,convection-cooledbladesof thecorrugated-insertandstrut-supported
typesmaybe adequate.At highertemperaturesandhi@er flightspeeds,
transpirationcoolingmaybe required.Thecoolingof smallor thin
bladesappearsmoredifficult,andmaximumtemperatureandflightspeeds
maybe lowerthanforthecoolingmethodsdiscussed.

Thereisalsothequestionconcerningtherelativemeritsofair-
andliquid-cooling.Becauseof itsheat-transferproperties,wateris
oneof thebestliquidcoolantsandwillprobablyfinduseinalmostany‘
typeofliquid-coolingsystem.Inmostcasestheheatpickedupby the
waterw5ddbe rejectedtoramair. At Machnuubersinexcessof 2.0in
thestratosphere,theram-airtemperatureishigherthantheboiling
pointofwateratreasonablepressuresin theradiator.Withwater-
cooledsystems,therefore,theflightMachnmuberwill.be limitedto
approximately2, or elsesystemswillhavetobe designedthatarecapa-
bleofoperatingat extremelyhighwaterpressures- ~referablyabove
thecriticalpressureofwater(3206psi). Suchhighpressureswould
suggesttheuseofa rotatingheatexchangerto eliminatethenecessity
of transferringthehigh-pressurewaterthroughsealsfromrotatingto
stationarypartsof theengine.

a
Anotherproblemassociatedwithwater-coolingsystemsinmilitary

aircraftis thevulnerabilitytoenemyattack.Thus,reliabilityis
i

.—
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somewhatmorequestionablethanforair-cooledsystems.
descriptionof severalmethodsforandproblemsinvolved
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A morecomplete
in dissipating b

theheatina liq,uid-cooledturbineisgiveninreference43. Cooling-
lossesarealwaysless(neglectingeffectsofradiatordrag)withwater-
coolingthanwithair-cooling,butforturbojetenginesthedifferencein
performanceprobablyisnotof verygreatimportance.Therefore,itis
expectedthatair-coolingwillfindmoreuseinturbo~etapplications.
Forverymall turbojet-engineturbinebladesitispossible,however,

—

thatbettercoolingcouldbe obtainedwithliquidsthanwithair.
5“

Forturbopropapplications,air-coolinglossesarelarger than for -~
turbojets,butsubstantialperformanceimprovementsarepossiblewith
eitherair-orliquid-coolingtoyermithigherturbine-inlettemperatures.
Inaddition,theflightMachnumbersforturbopropaircraftwillyrobably
alwaysbe subsonicortransonic,sothatheatrejectionwithliquid- 9–

coolingsystemswillnotbe a seriousproblem.Foraircraftapplication,
thebetterperformanceofliquid-cooledsystemswiIlhavetobe weighed
againstlowervulnerabilityoftheair-cooledsystems.

+
Eithertypeof

coolingsystemcanprobablybe utilizedsatisfactorily.Forstationary
ormarinepwer plants,however,thereappearto.be noparticularadvan-

.-

tagesofair-coolingoverliquid-coolingasa methodtopermithigh- -.
temperatureoperation;consequently,liquid-coolingwillprobablybe
moresatisfactory,becauseitwillresultinlowerfuel-consumptionrates.
Foreitherair-orliquid-cooling,thepotentialgainsinengineperform-

—

antethroughtheuseofhigherturbine-inlet
andjet-powerturbineenginesarewellworth
turbinecoolingintotheenginedesign.

CONCLUDINGREMARKS

Thisreviewof thestatus,methods,and
coolingcanbe sutmnarizedasfollows:

AnalyticalStudies

temperaturesforbothshaft-
theeffortrequiredtobutld

potentialsof gas-turbine--
—

1.Thepoweroutputof nonafterburningturbojetenginesandof tur-
bopropenginescanbe increasedbya factor..of2 ormoreby usingturbine
coolingtopermitincreasesintheturbine-inlettemperature.

2.Forafterburningturbojetengines,theeffectof turbinecooling
topermitincreasedturbine-inlettemperaturesisprimarilytodecrease
fuelconsumption.Inaddition,forhighercompressorpressure.ratios
combinedwithhighturbine-inlettemperature,largeincreasesinthrust
areobtainableatslightlyimprovedspecificfuelconsumption. x



NACARM
.

3.
through
creased

E54123 19

Appreciableincreasesinturbinestresslevelareindicated
useof turbinecoolingtoreduceturbinemetaltemperature.In-
turbinestresslevelsallowreductionofturbinefrontalsrea.

Thereducedmetaltemperaturesalsowidenthechoiceofpossibleturbine
materials,manyofwhichcontainonlysmallamountsof criticalalloying
elements.

4.Fornonafterburningturbo~etenginesoperatingata flightMach

R numberof 2 inthestratosphereandconstantturbine-inlettemperature

F
of 2000°F, approximatelya l-percentlossinthrustaccompanieseach
percentofah bledfromthecompressorexitfortmbinecooling.The
effectof turbinecoolingon specificfuelconsumptionisnegligibleat
mostoperatingconditionsfornonafterburningengines.Theprevalent

w practiceofbleedingairoverbo~dforcabincooling,accessorydrives,
andsoforthresultsinthrustlossesmorethandoublethelossfortur-
binecooling,andinadditionthespecificfuelcons~tionincreases

& over2 percentforeverypercentof overboardbleedair.

Al 5.Forturbopropenginesat subsonicspeeds,thepowerreductiono resultingfromair-coolingata constantturbine-inlettemperatureof
$ 2000°F is somewhathigherthanfora turbo~etengine,butthenetgains

inpowerresultingfromhigherturbine-inlettemperaturesarestillvery
; large.Inaddition,operationat thehigherturbine-inlettemperature

canresultinanactualdecreaseinspecificfuelconsmqption,including
theeffectsof cooling,relativetolow-temperatureuncooledengines.

6.Liquid-coolinghasan extremelysmaldeffecton engineperform-
ance(neglectingradiatordraglosses].Inmostcases,liquid-cooling
willcauselessthanl-percentlossinperformanceforturbopropengines.

7.Basedongeneralheat-transferanalyses,ita~earsthat
convection-ccoledcorrugated-insertaudstrut-s~ortedturbineblades
willprobablybe satisfactoryformostturbojetapplications,exceptfor
operationundertheconibinationof veryhighgastemperatures(25000F}
andhighflight.Machnumbers(above2))wheretranspirationcoolingmay
be required.Forsmallor thinbl.adesthemsximumpermissibletempera-
turesandflightMachnumbersmaybe lower.

E@erimentalStudies

1.Atpresent,themostpromisingtypesofair-cooledturbineblades
forconventionalturbo~etenginesarethecorrugated-inswtandstrut-
supportedblades.Furtherresearchisrequired,andis underway,on
bothsmalllandthinturbineblades.Preliminarystudiesindicatethat.
scslingdownsomeofthecoolingschemes,suchas’thestrutblade,a~e&m
tobe feasible,butinadditionnewtypesof designwillbe requiredfor

m manyapplications.

,t.ww~., .-------



20 NACARM E54123
.

2.Analyticalbladetemperaturepredictionshavebeenfoundtogive
reasonableagreementwithexperimentallymeasuredtemperaturesfor .

corrugated-insertandstrut-supportedturbineblades.

3.Enduranceinvestigationshavebeenconductedona limitednumber
of air-cooledturbineblades.Althoughfurtherenduranceprogramsare
requiredon othertypesofbladesjotherbladematerisls,andblades
operatingathigherstresslevels,inordertoobtainconclusiveresults,
it is indicatedthatwithproperdesignair-cooledturbinebladelife
shouldbe satisfactory.

—

3
4.Manytypesofair-cooledturbinediskdesignsappeartobe feasi- %

ble. lkperimenta.1resultsfromseveralturbinedisksofonetypeof de-
signindicatethatdiskcoolingwillbe adequatewiththeamountof air w
rewiredforbladecooling.Eimerimentalresultshave not beenobtained,
hcn%ver,at turbine-itiLet-tempe~aturesinexcess

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics

Cleveland,Ohio,December2,1954.
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Figure10.- Threemethodsofair-cooling.
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(a)Upstreaminlet.
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(b)DownstreamInlet. (c) Eouow-shaft inlet.
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